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ABSTRACT: Nickel (Ni) plays a central role in plant nitrogen (N)  sssaonty  Sssa+ Foiiar “‘;-'

metabolism, yet the long-term physiological impact of nano- = 2% N
structured Ni fertilizers on soybean (Glycine max L.) remains E=2, ’f';ﬁ.
insufficiently characterized. This study assessed the effects of Ni seed o !
treatment and foliar application, using macro-, micro-, and nanosized N sources

Ni sources, on soybean cv. “IPRO Flecha” N metabolism and

biological nitrogen fixation (BNF) throughout the crop life cycle. Ni

was applied as seed coating (45 mg Ni kg™ seed) and/or foliar spray

(20 g Ni ha™" at V4) using NiSO,-6H,0 (macro), micrometric >
Ni(OH), (~24 pm), or nanometric Ni(OH), (~5 nm). Key

physiological, enzymatic, and isotopic parameters were measured at Highly stage-dependent nano-Ni
V6, R2, and R7 stages, including nitrogenase, urease, and nitrate

reductase activities, BNF contribution (§"*N), and N metabolites (N-NH;, N-NO;~, N-ureides). At R2, nano-Ni seed + foliar
increased leaf dry weight by 28% compared with seed-only and 49% compared with the control, whereas at RS the same treatment
reduced leaf dry weight by 62% relative to nano-Ni seed-only, indicating a strong stage-dependent response. At maturity (R7), Ni
application increased seed yield across sources, with mean yield rising from 12 g pot™" in the control to 19—22 g pot™', with the
highest yield under nano-Ni (22 g pot™"). Ni supply increased urease and nitrate reductase activities relative to the control; however,
nano-Ni reduced nitrate reductase at V6 (~41—43% lower than macro- and micro-Ni), and nano-Ni seed-only reduced nitrogenase
activity at R2 by ~33% compared with the control. BNF in shoots ranged from 60.5—87.4% at R2 and was generally higher under Ni
treatments at R7 (~85—92%), except for nano-Ni seed + foliar (67.3%). Overall, Ni improved soybean N metabolism and yield, but
nano-Ni effects were highly dependent on the growth stage and application method, highlighting the need for mechanistic studies on
nanoparticle behavior over time to support consistent agronomic outcomes.

1. INTRODUCTION substitute for synthetic nitrogen fertilizers by lowering reliance
on chemical inputs, improving plant nutritional status, and
reducing environmental risks linked to excessive fertilization.*”

Nitrogen is the nutrient most required by soybean plants,
playing a critical role in their growth and productivity.'® To
meet this substantial N demand, optimizing BNF is essential;
however, the efficiency of BNF can be significantly hindered by
the low availability of certain micronutrients, such as copper
(Cu), iron (Fe), manganese (Mn), molybdenum (Mo), and

Soybean (Glycine max) ranks among the major global crops
and serves as a primary source of plant protein and edible oil."
Enhancements in soybean yield have largely resulted from
increases in biomass production and improved seed partition-
ing, both of which depend on substantial nitrogen (N) inputs.”
These inputs are primarily derived from biological nitrogen
fixation (BNF) or soil-based N application.” The contribution
of BNF to soybean’s N requirements ranges from 0% to 98%
and is influenced by several factors, with rhizobial activity

being the most critical’ BNF is facilitated by symbiotic Received: December 4, 2025
interactions between soybean roots and bacteria of the Revised: ~ March 13, 2026
Bradyrhizobium genus, which efliciently fix atmospheric Accepted:  March 16, 2026

nitrogen.5 Through root infection, these bacteria form nodules Published: April 24, 2026

wherein atmospheric N, is enzymatically reduced to ammonia
(NH,).*” This biological pathway provides an efficient
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nickel (Ni), as well as the low availability of the beneficial
element cobalt (Co)."" This issue is particularly pronounced in
tropical oxisols, where excessive lime applications often lead to
micronutrient deficiencies, resulting in impaired nitrogen
fixation capacity.'” Nickel is a vital micronutrient for plants,
serving as a cofactor for several metalloenzymes, including
urease and glyoxalase I, which are critical for N metabolism
and stress responses.’>~'® Additionally, Ni is essential for the
expression and activity of hydrogenase, an enzyme that
facilitates the BNF process by eliminating free hydrogen
radicals (H") generated during the reduction of atmospheric
N, to ammonia (NH;).”"” Thus, adequate Ni availability is
pivotal for maintaining efficient BNF and supporting the N
economy of soybean plants.'®

Despite its essential role in plant N metabolism, Ni has
historically been overlooked in plant nutrition research and
fertilizer management. For many years, Ni was not included in
standard lists of essential micronutrients, largely because of its
low quantitative requirement and the assumption that trace
contamination from soils, fertilizers, or irrigation water was
sufficient to meet plant demand. As a consequence, Ni has
frequently been omitted from the formulation of nutrient
solutions used in hydroponic and controlled-environment
studies, where background Ni inputs are minimal or absent.
This omission has contributed to the underestimation of Ni
deficiency risks and to a limited understanding of its
physiological relevance, particularly in crops with high reliance
on BNF, such as soybean."”

The fulfillment of plants’ mineral nutrition requirements—
whether through soil uptake, foliar spraying, or seed coating—
is fundamental to plants’ growth and development.”® A deeper
understanding of the Ni supply via seed treatment or foliar
application and its subsequent impact on BNF is, therefore,
crucial. Conventional Ni-based fertilizer, as well as micro-
nutrients, can be supplied through soil amendments, seed
treatments, or foliar sprays.21 Among these methods, seed
treatment with micronutrients offers several benefits, including
enhanced BNF, improved germination synchrony,”””’ reduced
imbibition time,”* and the accumulation of germination-
enhancing metabolites.”””° While any of these approaches
can meet a crop’s micronutrient demands, foliar application
has proven particularlz effective in improving yields and
enriching seed quality.”

Foliar nutrient application is widely adopted as a strategy to
alleviate nutrient deficiencies””*” or in conjunction with soil
fertilization to olptimize nutrient use while reducing annual
fertilizer inputs.”’ This approach has been effective for crops
such as soybean, rice, and maize, mitigating nutrient toxicity
symptoms.””*°~** Foliar sprays are highly efficient, minimizing
the lag time between nutrient application and plant uptake.>**
However, the effectiveness of foliar fertilization depends on the
plant species, the plant’s nutritional status, and the chemical
properties of the fertilizer.”>™*” In recent years, researchers
have increasingly investigated the capacity of nanofertilizers to
improve crop productivity.”*~*° Nanofertilizers offer unique
advantages due to their controlled release properties and
increased bioavailability, providing an innovative approach to
improving nutrient efficiency and crop performance.*"**
However, research in this area remains limited, particularly
regarding its application in addressing micronutrient deficien-
cies in key crops like soybeans.

The integration of nanotechnology into agriculture is
reshaping production systems through strategies aimed at

increasing crop performance, optimizing nutrient efficiency,
and supporting environmental sustainability."”** Recent
investigations have drawn attention to nanoparticles function-
ing as sensors, herbicidal and fungicidal agents, and nutrient
carriers, highlighting their potential to alleviate stresses such as
salinity, abiotic constraints, and nutrient shortages.“’%’46
Nanofertilizers, in particular, stand out for their ability to
deliver nutrients gradually and with greater precision than

7% This targeted delivery minimizes

conventional fertilizers.
environmental risks, such as soil pollution, while reducing the
quantities of fertilizers required.””* Applied as foliar treat-
ments or through alternative delivery systems, nanofertilizers
have proven effective for crop use by providing a controlled
and sustained nutrient supply relative to traditional fertil-
39455552 This is particularly true when the application

rates of nanofertilizers are agronomically and environmentally

izers.

realistic, ensuring efficient nutrient uptake without posing risks
of overapplication or environmental harm.****** For instance,
Fe nanoparticles have shown improved nutrient uptake and
reduced oxidative stress, particularly in crops grown on
contaminated soils.> Similarly, Zn nanoparticles enhance the
biosynthesis of photosynthetic pigments and boost plant
biomass, especially under stress conditions.”® Moreover, the
concept of nanopriming—treating seeds with nanoparticles—
has demonstrated promising results in improving germination

30355758 This method facilitates water

and seedling vigor.
uptake and biochemical activation, leading to better crop
establishment.”” Despite these advancements, the potential
applications of Ni nanoparticles remain relatively underex-
plored, particularly concerning their interactions with N
metabolism and BNF in legumes like soybean. To date, only
a few studies have examined the effects of Ni-based
nanoparticles on soybean physiology following seed applica-
tion® or soil fertilization.*’

Our hypothesis is that Ni application through seed
treatment and foliar sprays, using different Ni sources and
particle sizes, will interact synergistically in upregulating
soybean growth, N metabolism, and BNF. Specifically, we
suggest that (i) Ni nanoparticles (Ni-NPs) will enhance Ni
bioavailability and uptake compared to micrometric or
conventional Ni forms (eg, Ni sulfate); (ii) Ni-NPs will
increase nitrate reductase and urease activity, enhancing N
metabolism and the accumulation of key metabolites like
ammonia (NHj;), nitrate (NO;~), and ureides; (iii) soybean
plants treated with Ni-NPs will show higher BNF efficiency
due to enhanced nitrogenase functionality in root nodules; and
that (iv) combining seed and foliar Ni-NP applications will
maximize atmospheric N, fixation, improving N contribution
to plant growth and seed production relative to conventional
Ni fertilizers applied solely via seed or foliar methods. In order
to test these hypotheses, we undertook a multilevel approach at
a range of nodule, leaf, and plant levels: (i) to assess plant
growth under different Ni sources and application strategies;
(ii) to measure urease, nitrate reductase, and nitrogenase
enzyme activities; (iii) to investigate nitrogen metabolism by
determining ammonia, nitrate, and ureide concentrations; and
(iv) to estimate biological nitrogen fixation using the N
natural abundance technique (6N %o).

https://doi.org/10.1021/acsomega.5c10937
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Figure 1. lllustration of the experimental design. Various parameters were assessed at the following four soybean growth stages: V6 (vegetative
stage), R2 (full bloom), RS (beginning seed), and R7 (maturity). At the V4 stage, foliar Ni application was administered to the designated pots
using different Ni sources. The experiment utilized a consistent application rate of 45 mg Ni kg™ of seeds, with Ni supplied in three particle sizes:

nano, micro, and macro.

2. MATERIALS AND METHODS

2.1. Soil Chemical Characterization and Conditions

The greenhouse trial was performed at the Department of Soil
Science, University of Sao Paulo (USP), Piracicaba, Brazil. The
experimental substrate corresponded to a Red-Yellow Latosol
according to the Brazilian classification scheme,®' equivalent to an
oxisol in soil taxonomy.®> Samples were taken from the upper 20 cm
of soil in Itatinga, Sao Paulo State, Brazil (22°43'31" S, 47°38'S7"
W). The soil had a sandy texture and a low Ni concentration of 0.03
mg kg ™! as determined using the DTPA extraction method.®® The soil
chemical compositions are as follows: pH (CaCl,) 4.2; organic matter
(total carbon content) S g kg™'; available phosphorus (resin) 2 mg
kg™!; exchangeable potassium (K) 0.3 mmol, kg™'; exchangeable
calcium (Ca) 1 mmol, kg™'; exchangeable magnesium (Mg) 1 mmol,
kg™'; potential acidity (H+Al) 25 mmol, kg™'; exchangeable
aluminum (Al) 3 mmol, kg™'; cation exchange capacity (CEC) 27
mmol, kg™'; and exchangeable sulfur (S) 6 mg kg™'. Based on this
analysis, soil correction was performed for each experimental unit to
meet soybean nutritional requirements.®® Soil acidity was corrected to
pH 5.5 by liming each pot individually according to the base
saturation approach. The amendment consisted of a 3:1 blend of
calcium carbonate (CaCO;) and magnesium carbonate (MgCOs),
with application rates calculated separately for each treatment.

2.2. Soil Preparation and Fertilization

The soil used in this study had no history of legume cultivation;
therefore, to ensure adequate initial N supply for all treatments, a low
dose of ammonium nitrate (NH,NO,) was supplied at 166.75 mg N
per pot (equivalent to 30 kg ha™') to promote early plant
establishment.'®°** Potassium fertilization consisted of KCI at 150
mg kg™, incorporated at sowing, and reapplied as a top dressing
during the VI phenological stage (first leaflet emergence).
Phosphorus was applied as calcium dihydrogen phosphate
(CaH,PO,) at 300 mg kg™'. Micronutrients were added at the
following rates per pot: 0.023 g of H;BO;, 0.038 g of FeSO,, 0.026 g
of CuSO,, 0.056 g of MnSO,, and 0.087 g of ZnSO,, applied the day
before planting.

2.3. Preparation of Nano Nickel Hydroxide — Ni(OH),

A suspension of stabilized a-nickel hydroxide nanoparticles was
prepared following the sol—gel polyol method described previously.*®
Briefly, a 1.0 mol L™ KOH solution in n-butanol was added to a
nickel acetate tetrahydrate solution in anhydrous glycerin (0.04 g
mL™") to achieve an OH™/Ni** molar ratio of 2:1. The reaction was
stirred for 6 h and aged for 2 weeks prior to solvent removal, yielding
a stable green a-Ni(OH), nanoparticle suspension (~S nm) with no
additional capping or functionalizing agents. Structural morphology
and primary particle dimensions of a-nickel hydroxide nanoparticles

25299

were analyzed by transmission electron microscopy (TEM) and
. . 66—68
scanning electron microscopy (SEM).

2.4. Experimental Setup

The study followed a completely randomized design comprising seven
treatments organized in a 2 X 3 factorial arrangement (Figure 1). The
first factor was the method of nickel (Ni) application: (1) seed-only
(Seed) or (2) seed and foliar (Seed + Foliar at the V4 vegetative
stage). The second factor was the Ni source: (1) NiSO,, (Macro), (2)
Ni(OH), (Micro), and (3) Ni(OH), (Nano). For comparison with
the nickel nanoparticle (Ni(OH),-NP) treatments, the conventional
soluble Ni source (Nickel(IT) sulfate, NiSO,) is hereafter referred to
as “macro-Ni”. Although NiSO, is fully ionic in solution, the hydrated
Ni?* ion has an effective radius of ~4.0 A (0.40 nm), which is orders
of magnitude smaller than the nanosized nickel hydroxide particles.
The term “macro” is therefore used only as a practical label to
distinguish the conventional, molecular-scale Ni source from the
nanoparticle treatment. Each treatment included 11 replicates,
distributed as follows: I) three replicates were harvested at the
inflorescence emergence (R2 phenological stage); II) three replicates
were harvested at the early seed development (RS stage, ~3 mm
seeds) to evaluate root nodulation, urease activity, nitrate reductase
activity, nitrogen content, and ureides; and III) the remaining five
replicates were maintained until the fruit and maturity (R7 stage) for
yield-related assessments. Each pot containing two soybean plants was
considered to be one experimental unit. Seven treatments were
evaluated: (1) control without Ni addition, with seeds treated only
with Co and Mo and inoculated with B. japonicum; (2) NiSO,
(Macro—Seed), consisting of seed treatment with NiSO,-6H,0; (3)
NiSO, (Macro—Seed + Foliar), consisting of seed treatment plus
foliar application at the V4 stage; (4) Ni(OH), (Micro—Seed), with
microscale Ni(OH), applied via seed; (S) Ni(OH), (Micro—Seed +
Foliar), with microscale Ni(OH), applied via seed and foliar
fertilization; (6) Ni(OH), (Nano—Seed), with nanoscale Ni(OH),
applied via seed; and (7) Ni(OH), (Nano—Seed + Foliar), with
nanoscale Ni(OH), applied via seed and foliar fertilization.
Preparation of the Ni hydroxide suspensions, including dispersion
procedures and pH adjustment, is described by Oliveira et al.
(20022b).>®

2.5. Plant Material and Cultivation Assay

The experiment used soybean (Glycine max (L.) Merr.) cultivar 6266
RSF IPRO Flecha, a high-yielding genotype. The cultivar has an
indeterminate growth pattern, matures early, and belongs to maturity
group 6.6.°” The experiment commenced at the seedling emergence
stage (VE), and plants were later collected at three growth stages: full
flowering (R2), early seed formation (RS), and physiological maturity
(R7), which marked the end of the reproductive phase. Plants were
grown in plastic pots filled with 3 kg of soil. Prior to sowing, 1 kg of

https://doi.org/10.1021/acsomega.5c10937
ACS Omega 2026, 11, 25297-25316
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seeds was treated with an aqueous commercial formulation containing
molybdenum (Mo) and cobalt (Co) at 0.17 uL, equivalent to 90 mL
of ha™". Nickel (Ni) was then applied to each seed source at 45 mg
kg™! of seeds, corresponding to 2.5 g of ha™. The treatment solution
was supplemented with 2 uL of the commercial inoculants Semia
5019 and Semia 5079, with inoculants based on Bradyrhizobium
elkanii and Bradyrhizobium japonicum, respectively. Seed treatment
was carried out during the morning, followed by sowing at a 2.0 cm
depth. Initially, 10 seeds were placed in each pot; at the V1 growth
stage, seedlings were thinned to two plants per pot, and excess plants
were discarded appropriately. No fungicides or insecticides were
included in the seed treatment. The soybean plants were grown in a
greenhouse for the duration of their growth cycle under a controlled
14 h light and 10 h dark photoperiod. Pots were irrigated using an
automated irrigation system (Galcon, Kfar Blum, Israel). Prior to
experiment initiation, soil moisture was adjusted to approximately
75% of the field capacity using tensiometers. Soil moisture was
maintained near 70% of maximum water retention capacity during the
experimental period by daily monitoring with tensiometers. Green-
house air temperature was maintained at 27 °C during the day and 22
°C at night by using a computer-controlled environmental control
system (Van der Hoeven, Monster, The Netherlands).

Rice (Oryza sativa), a non-atmospheric nitrogen-fixing species, was
grown in the same soil and greenhouse conditions to serve as a
reference crop for estimating soil”* N enrichment.'®”°~”® Treatments
included Ni applied either to seeds or as a foliar spray at the V4
vegetative stage,74 using aqueous preparations of different Ni sources.
The application rate followed the recommendation of Barcelos et
al,”® equivalent to 20 g ha™' of Ni. To minimize nutrient loss
associated with the low solubility of hydroxide-based sources, we
freshly prepared the spray solution and applied it individually to each
plant. During application, pots were covered with aluminum foil to
prevent contact between the solution and the soil surface, and care
was taken to avoid runoff.

2.6. Concentrations of Nickel and Nutritional Analysis of
Soybean Plants

At the R2 and RS growth stages, harvested plants were partitioned
into leaves, stems, nodules, and roots for subsequent determination of
nitrogenase activity. Collected plant material was stored in labeled
paper bags and dried at 65 °C for 72 h in a forced-air oven until a
stable mass was obtained. Dry weight was recorded by using a
precision balance. The dried samples were subsequently milled in a
Wiley grinder and passed through a 1 mm sieve. The processed
material was then forwarded for laboratory analysis to quantify macro-
(excluding N) and micronutrient concentrations according to the
method described by Lavres et al.” Plant tissues were digested using a
closed-vessel microwave system (TC Plus Labstation, Milestone,
Sorisole, Italy) with a nitric acid (HNO;) and hydrogen peroxide
(H,0,) mixture according to USEPA method 3051la.”” After
digestion, solutions were transferred to 50 mL Falcon tubes and
diluted to volume with Milli-Q water. Elemental concentrations were
determined by inductively coupled plasma mass spectrometry (ICP-
MS; Agilent 7500ce, Agilent Technologies, Tokyo, Japan). Method
performance was verified using certified standard reference materials
(NIST 1515, apple leaves; NIST 1573a, tomato leaves), with
elemental recoveries ranging from 92% to 98%.

At the final harvest (R7 stage), plants were divided into seeds,
nodules, roots, leaves, and stems for analysis of nutrient content,
ureides, and natural '*N isotopic abundance (5N %o). Earlier
physiological assays were conducted without destructive sampling:
urease and nitrate reductase activities were measured on the third or
fourth fully expanded leaf from the apex of the main stem, including
the petiole, at the V6 and R2 stages.

2.7. Evaluation of Total Nitrogen and Quantification of
Biological Nitrogen Fixation through the Natural
Abundance of *N

The contribution of BNF was estimated using the natural abundance
of N, following established isotopic procedures.””® This approach

relies on the principle that soil nitrogen is typically slightly enriched in
5N relative to atmospheric N,. Consequently, nonfixing reference
plants cultivated in the same soil display higher 5§'*N values, indicating
their reliance on soil-derived nitrogen. In contrast, nitrogen-fixing
plants incorporate atmospheric N,, resulting in lower 5'°N signatures.
As with other isotopic methods, the technique assumes that fixing and
nonfixing plants access soil N with comparable '*N enrichment.”””%%
To minimize bias, a species used as a reference standard, with root
architecture and nitrogen demand similar to soybean, was selected.
The fraction of plant nitrogen originating from atmospheric fixation
was determined using the equation described by Shearer et al.”®

9%BFN = 100 X (6N reference — "N soybean)
/(6" N reference — B)

In this equation, %BFN represents the proportion of N in soybean
derived BNF. The term & '°N reference corresponds to the natural
abundance of”® N measured in the non—N-fixing reference plant,
whereas § '*N soybean indicates the natural N abundance detected
in soybean tissue. The parameter B describes the isotopic
fractionation factor, expressing the relative contribution of N
compared with "N during soybean N uptake from soil sources. A
mean B value of —1.85%o, derived from the experimental data,®® was
used for subsequent calculations. Oven-dried and ground subsamples
were analyzed for total nitrogen (%N) and isotopic composition
(6"°N) using an automated isotope ratio mass spectrometer coupled
with an ANCA-GSL elemental analyzer (Sercon Co., UK). Total N
content and the “N/“N ratio were calculated following the
procedure described by Barrie et al.*'

2.8. Assessment of Urease Enzyme Activity

In vivo urease activity was assessed at the V6 and R2 stages following
a modified version of the established procedure.® Fresh plant samples
were collected, sealed in plastic bags, and transported in insulated
polystyrene containers to preserve enzyme integrity. Approximately
200 mg of green leaf tissue, cut into ~1 mm segments, was incubated
in 8 mL of NaH,PO,—urea buffer (pH 7.4) for 3 h at 30 °C. Samples
were shielded from light with aluminum foil and maintained under
continuous agitation during incubation.

After incubation, a 0.5 mL aliquot of the extract was transferred to
a test tube and mixed with 2.5 mL of Reagent I (0.1 mol L™" phenol
with S0 mg of sodium nitroprusside) and 2.5 mL of Reagent I (0.125
mol L™! NaOH, 0.15 mol L™! Na,HPO,-12H,0, and 3% NaOCI).
Tubes were sealed to prevent ammonia volatilization and incubated in
a 37 °C water bath for 35 min. The resulting color development was
quantified spectrophotometrically at 625 nm. Urease activity was
calculated from the amount of NH," produced, using an NH,Cl
calibration curve. Absorbance readings were obtained with a Cary 60
UV—Vis spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA).

2.9. Assessment of Nitrate Reductase Activity

In vivo nitrate reductase activity was measured at the V6 and R2
growth stages following a modified protocol based on a study by
Mulder et al.** Previously prepared plant samples were transferred to
test tubes containing 4 mL of a KNO; solution, which served as the
nitrate source for the enzyme present in the leaf tissue. During the
assay, nitrate reductase catalyzed the reduction of the concentration of
NO;™ to NO, . The tubes were incubated for 2 h at 37 °C in
darkness by wrapping them in aluminum foil, with gentle mixing every
S min to maintain uniform conditions. After incubation, a 1 mL
aliquot of extract was collected, and the enzymatic reaction was
terminated by adding 1 mL of sulfanilic acid. After a 5—10 min
stabilization period, 1 mL of a-naphthylamine reagent was introduced
and mixed thoroughly, followed by the addition of 1 mL of sodium
acetate (C,H;NaO,). Absorbance was recorded at 540 nm. Nitrate
reductase activity was quantified from nitrite production by using a
calibration curve prepared with NaNO, standards. Measurements
were performed using a Cary 60 UV—Vis spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA).
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Figure 2. Effect on (a-b-c) leaf, (d-e-f) stem, and (g-h-i) root dry weight in soybean at (a-d-g) flowering (R2), (b-e-h) beginning seeds (RS), and
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(Tukey) test, P < 0.0S. Combined letters (e.g, “bc”) indicate overlap between statistical groups.

2.10. Assessment of Nitrogenase Activity

Indirect quantification of nitrogenase activity (ANase) was performed
through the acetylene reduction method."”° Plants were harvested at
the R2 and RS phenological stages, and the root systems were
carefully removed from the soil to maintain intact nodules. The
nodulated roots were immediately transferred to airtight flasks.
Approximately 10% of the headspace gas (%1 mL) was withdrawn
from each flask by using a syringe and replaced with an equal volume
of acetylene.

Because reported incubation times vary widely in the literature, a 1-
h incubation period was adopted to minimize potential interference
from stopper materials that may catalyze acetylene conversion.
Following incubation, a 1 mL headspace gas sample was withdrawn
using a 2.5 mL syringe and introduced into a gas chromatograph
(Thermo Scientific Finnigan Trace GC 2000) fitted with dual
Porapak N columns.”” Ethylene formation was measured and used as
a proxy for nitrogenase activity.

Acetylene reduction values were initially expressed in parts per
million (mg mL™) and subsequently converted to micromoles per
hour of incubation (#mol h™') according to the equation below:

ANase = (VX UCG X At X F)/(i X h X number of plants)
= UCG X 0.0430443
Where,

ANase = nitrogenase activity was expressed as mmol C,H, h™’
plant™ and calculated using the following parameters: flask volume
(V) = 50 mL; chromatographic peak area (UCG) = area produced;
attenuation factor (At) = 16; calibration constant (F) = 1.0761 X
10™° mmol C,H, per UCG unit; injected gas volume (i) = 1 mlL;
incubation time (h) = 1 h; and two plants per experimental unit.

2.11. Determination of Ammonia and Nitrate
Concentration in Plant Tissue

Ammonia concentration was quantified in soybean stem tissue
harvested at the R7 maturity stage. Approximately 1.0 g of fresh
material was homogenized in 10 mL of extraction solvent containing
60% (v/v) methanol and 25% (v/v) chloroform. Following
centrifugation at 13,200 rpm for 5 min, the clarified supernatant
was collected for analysis. Determination of ammonium (NH4+)
followed method®* using a colorimetric assay. An aliquot of 150 L of
extract was reacted with 2.0 mL of reagent prepared by combining
phenol and phosphate solutions in equal proportions. The phenol
solution consisted of 2.5 g C¢H;OH and 12.5 mg Na,Fe(CN);NO
dissolved in 250 mL, while the phosphate solution contained 1.25 g
NaOH, 13.4 g NaH,PO,, and 2.5 mL of 5% NaClO in 250 mL.
Reaction mixtures were incubated at 37 °C for 1 h, and absorbance
was measured at 630 nm to estimate ammonia concentration.
Nitrate content in R7 soybean stems was analyzed according to the
method by Mulder et al.** A 0.1 mL portion of the water-soluble
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MCW extract was treated with 0.4 mL of 5% (w/v) salicylic acid
prepared in H,SO, and allowed to react for 20 min at room
temperature. Following this step, 9.5 mL of 2 N NaOH was gradually
introduced. After the solution cooled to ambient temperature, the
absorbance was read at 410 nm using a spectrophotometer. Nitrate
concentrations were obtained by comparison with the sodium nitrate
calibration curve.

2.12. Determination of Ureides

The ureide concentration of R7 soybean stems was quantified by
calculating the total amounts of allantoin and allantoic acid present in
the tissue. Measurements were performed according to the protocol
outlined by Vogels and van Der Drift.*> The assay determination
involved two consecutive hydrolysis reactions. During the alkaline
phase, 250 uL of the MCW extract supernatant was combined with an
equal volume of 0.5 M NaOH and a drop of C4HgN,. The mixture
was heated at 100 °C for 8 min to convert allantoin into allantoic acid,
then cooled to room temperature.

Acid hydrolysis was subsequently performed by adding 250 uL of
0.65 N HCI and reheating the solution at 100 °C for 4 min,
promoting the conversion of allantoic acid to glyoxylate. After the
mixture was cooled, 250 uL of 0.4 M phosphate buffer (pH 7.0) and
250 uL of 0.33% C4HgN, were introduced, and the reaction was
allowed to proceed for S min at room temperature before an
additional S$-min incubation in an ice bath. The reaction was
completed by adding 1.25 mL of prechilled concentrated HCI,
followed by 250 uL of 1.65% C4FeK Ny, with vigorous vortex mixing.
Following a 15-min incubation at room temperature, absorbance was
recorded at 535 nm. Ureide concentration was quantified using an
allantoin standard calibration curve.

2.13. Dry Matter Accumulation and Seed Yield

Plants were harvested at the R2, RS, and R7 growth stages and
separated into leaves, stems, roots, and nodules. Each plant
component was transferred to labeled paper bags, dried in a forced-
air oven at 65 °C for 72 h, and subsequently weighed to determine the
dry biomass using a precision balance. Seed yield was assessed
independently by recording the mass of dried seeds.

2.14. Number of Nodules and Dry Weight

Nodule assessment was performed for each treatment and sampling
stage by separating the nodules from the roots and recording their
total number. After they were collected, nodules were oven-dried at
65 °C for 72 h, and their dry weight was measured.
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2.15. Statistical Analysis

Statistical analyses were performed in the R environment (version
4.5.2; 2025). Analysis of variance (ANOVA) was conducted through
F-tests within a mixed-effects modeling framework using the Ime4
package in R along with data manipulation facilitated by dplyr®”
and tidyr.*® Model assumptions were verified by examining the
residual normality with the Shapiro—Wilk test. When deviations from
normality were detected, the affected variables were log,-transformed
before fitting the final models. Post hoc comparisons, including
Tukey’s test, were performed using the emmeans package.”” A
significant level of 5% (p < 0.05) was applied to all analyses.
Multivariate analyses, including hierarchical clustering and principal
component analysis (PCA), were carried out with the factoextra
package.”””" Cluster patterns were visualized through heatmaps
produced using pheatmap, and graphical outputs were created with
the ggplot2 package.””

3. RESULTS

3.1. Development of Soybean Plants and Biomass Yield

Overall, the dry weight varied considerably among treatments
over time and across plant tissues. Some treatments promoted
growth at certain stages, while others reduced it.

At R2, the application of nano-Ni seed + foliar significantly
increased leaf dry weight by 28% compared to seed-only and
49% compared to the control (Figure 2a). Leaf dry weight
ranged from 8.65 g in micro-Ni to 20.51 g in nano-Ni (seed-
only) treatments. A comparable trend was observed in stems
and roots, where seed-applied nano-Ni increased dry mass by
31% and 56%, respectively, relative to the micro-Ni treatment.
At RS, contrasting effects were observed. The seed + foliar
nano-Ni treatment reduced leaf dry weight by 62% compared
to seed-only nano-Ni (Figure 2b). However, seed-only nano-
Ni increased leaf dry weight by 24% relative to micro-Nj,
ranging from 19 g (micro-Ni) to 33.5 g (nano-Ni). Seed-only
nano-Ni also significantly outperformed both macro- and
micro-Ni sources at this stage.

At R7, most treatments did not differ statistically, except for
the difference between seed-only macro-Ni and nano-Ni
(Figure 2¢). In general, seed + foliar nano-Ni showed reduced
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Table 1. Effect on Ni Concentrations in Soybean Tissues at Different Phenological Stages of Plants Treated with Ni-Sources,
Macro, Micro, and Nanoparticles, Applied via Seed and Foliar Application®

Treatments Ni concentration in soybean tissues (mg kgfl)
Ni-sources Ni-applications Root Nodule Leaf Stem Grain
Flowering — R2
Macro Seed 78 03¢ 252 +29a 42 + 0.3 be 2.0 + 0.3 ab -
Macro Seed + Foliar 15.9 + 0.1 ab 320+ 25b 56 +0.1a 1.7+ 01D -
Micro Seed 20.6 + 0.2 a 191+ 11c 46 +02b 25+02a -
Micro Seed + Foliar 18.7 + 0.3 ab 21.7 + 0.3 be 25+03e 1.5+03Db -
Nano Seed 148 + 02 b 18.6 £ 0.5 ¢ 34+02d 19 +02b -
Nano Seed + Foliar 17.3 + 0.1 ab 22.7 + 0.1 be 37 +0.1cd 1.8 +0.1Db -
Control (Without Ni) 158 + 0.1 b 201 £ 05 ¢ 24 +01e 08 +0.1c -
CV. (%) 113 118 83 14.2 -
Beginning seeds — RS
Macro 112 +01d 189 + 1.2 ab 22 +01cd 1.1 + 0.1 cd -
Macro 14.3 + 0.1 be 149 + 04 cd 33+01a 1.6 + 0.1 b -
Micro 102 + 0.1 de 15.4 + 0.4 bed 29 + 0.1 ab 09+ 0.1d -
Micro 15.5 + 0.1 ab 19.3 + 0.4 ab 2.7 £ 0.1 abc 1.1 + 0.1 cd -
Nano 89+ 02e 18.3 + 0.1 abc 1.3 +02e 19+02a -
Nano Seed + Foliar 172 + 03 a 220+ 02a 2.6 + 0.3 bc 1.5+03b -
Control (Without Ni) 135+ 04 ¢ 133 +31d 1.7 £ 0.4 de 1.3 + 0.4 bc -
CV. (%) 64 5.6 114 89 -
Maturity — R7
Macro Seed 19.7 +£ 0.1 ab 21.3 + 2.7 aAd 1.3+01d 0.8 + 0.1 cd 52+ 041 a
Macro Seed + Foliar 19.0 + 0.1 ab 16.8 + 0.4 acd 1.7+ 0.1 c 1.5+01a 45+ 02ab
Micro Seed 17.4 + 0.2 aAd 23.7 + 2.3 aAd 22+02b 1.1 +£02Db 48 £ 04 a
Micro Seed + Foliar 18.7 + 0.1 ab 30.2 + 0.8 aCd 23+01b 1.0 + 0.1 be 53+07a
Nano Seed 9.6+ 0.1b 25.6 + 3.7 aAd 1.3 +01d 0.8 + 0.1 cd 4.1 + 0.5 ab
Nano Seed + Foliar 220+ 0.1 a 32.6 + 1.8 aCD 25+0.1a 0.9 + 0.2 be 43 + 0.8 ab
Control (Without Ni) 142 + 0.1 ab 33.6+39a 1.1+01d 0.6 +0.1d 31+03b
CV. (%) 7.0 146 69 13.1 112

“Values are means and standard deviations of three (R2 and RS) and five (R7) replicates. Different letters indicate significant differences according

to the least difference (Tukey) test, P < 0.05.

dry weight in stems and roots at this stage. Still, seed-only
nano-Ni outperformed macro-Ni, producing 69% more leaf dry
matter, 29% more stem dry matter, and 74% more root dry
matter at R2. At later stages, however, especially R7, the
macro-Ni seed-only treatment surpassed nano-Ni in leaf and
stem dry weight.

When yield was evaluated at R7 (fruiting/maturity stage), Ni
application, regardless of source or method, significantly
increased seed yield compared to the control (Figure 3).
The highest yield was recorded in nano-Ni, with an average of
22 g per pot, followed by micro-Ni (21 g), macro-Ni (19 g),
and the control (12 g). Relative to the control, dry weight
increases were 86%, 83%, and 65% for nano-, micro-, and
macro-Ni, respectively.

Seed counts followed a similar pattern. Nano-Ni produced
the highest number of seeds (80 per pot), closely followed by
micro-Ni (74) and macro-Ni (79). In contrast, the control
produced only 52 seeds per pot.

3.2. Nickel Concentrations in Soybean Tissues

Nickel concentrations in soybean tissues increased significantly
in both Ni application methods (seed-only and seed + foliar)
relative to those in the control (Table 1). At the R2
phenological stage, Ni concentrations in leaves increased by
1.39- and 1.73-fold in the nano- and macro-Nij, respectively, in
the seed + foliar treatments relative to the control. In the seed-
only treatment, Ni concentrations in leaves increased by 1.9-,
1.4-, and 1.7-fold in the micro-, nano-, and macro-Ni

treatments, respectively, in comparison with the untreated
control (no Ni application). At R2, Ni concentration in
nodules increased by 1.38- and 1.42-fold with nano- and
macro-Ni seed-only treatments compared to the control;
however, for the other treatments, the control had the highest
Ni concentration in the nodules. By the RS maturity
phenological stage, nano-Ni and micro-Ni seed + foliar
applications increased nodule Ni concentration by 65% and
45%, respectively, relative to the control. However, at the R7
stage, nodules in all treatments showed a decreased Ni
concentration compared to the control. In contrast, Ni
concentration in other tissues (stems, leaves, and roots) at
all phenological stages remained higher in Ni-treated plants
than in the control, particularly in plants receiving seed + foliar
application. At maturity, the nano-Ni seed + foliar treatment
resulted in a Ni concentration in the roots of 22 mg kg™’,
compared to 14 mg kg™ in the control. In contrast, the nano-
Ni seed-only treatment had a lower Ni concentration than the
control, with values of 9.6 mg kg™ in the nano-Ni seed-only
treatment compared to 14.1 mg kg™ in the control. The
macro-Ni treatment overall presented greater results compared
with the control. At the R7 stage, the macro-Ni seed + foliar
treatment increased Ni concentration in leaves by 45%
compared to the control, while the stem showed a 2.42-fold
higher Ni concentration than the control.

https://doi.org/10.1021/acsomega.5c10937
ACS Omega 2026, 11, 25297-25316


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c10937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a)

(b)

Vegetative Stage - V6

Full Bloom - R2

S

Urease Activity (umol N - NH; gFW Th!
o
)

|

Macro Micro Nano
(c)

Macro Micro Nano
(d)

Vegetative Stage - V6

Full Bloom - R2

o
@

— e —— )

o
n

. |4 Y
[

Nitrate Reductase Activity (umol N - NH; gFW ™" h™")

o
°

Macro Micro Nano

a
ab a
ab ab
ab
i: * ——] b
—_—
Macro Micro Nano

Ni-applications E Seed - Seed + Foliar g Control (Without Ni)
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3.3. Nickel Concentrations in Seeds

At R7, Ni concentrations in seeds increased across all
treatments compared with the control (Table 1). The highest
Ni concentration was observed with micro-Ni seed + foliar and
macro-Ni seed-only applications, showing 1.68-fold and 1.73-
fold increases, respectively, relative to the control. Never-
theless, the treatments did not differ significantly, except for a
statistical difference compared to the control. Among the
treatments, nano-Ni seed-only applications resulted in the
lowest seed Ni concentration (average of 4.1 mg kg™"), while
micro- and macro-Ni treatments averaged 4.8 mg kg ™' and 5.2
mg kg™', respectively. In contrast, control plants had a Ni
concentration of 3.08 mg kg™" in seeds (Table 1).

3.4. Assessment of Urease, Nitrate Reductase Activities in
Leaves and Nitrogenase Activity in Nodules

Urease activity (Figure 4a, b) and nitrate reductase (NR)
activity (Figure 4c, d) were evaluated in vivo at two time
points: 15 days after combined seed and foliar Ni treatment
(V6 stage) and at the R2 phenological stage. Urease activity
(Figure 4ab) increased significantly with Ni application,
regardless of whether it was applied through seed or seed +
foliar. Plants in the control group that did not receive Ni
presented the lowest urease activity. Seed + foliar application
of Ni enhanced urease activity during both periods compared
to the seed-only Ni application, with the peak activity
occurring at the R2 stage, which is in full bloom (Figure 4a).

In the first evaluation period, which occurred 15 days after
foliar Ni application, plants treated with macro- and micro-Ni
showed higher urease activity than those treated with nano-Ni
in the seed + foliar treatment. In contrast, for the seed-only
treatment, nano-Ni exhibited greater urease activity compared
to both micro- and macro-Ni treatments. At the R2
phenological stage, there was no significant increase in urease
activity among the treatments, except when compared to the
control plants. The highest urease activity recorded was at R2
in the treatment combining nano-Ni seed + foliar application,
measuring 12.2 ymol of N-NH," gfw™' h™' (Figure 4b). In
contrast, the control treatment yielded the lowest urease
activity, averaging 10.7 ymol of N-NH," gfw™' h™" at R2.

At the V6 growth stage, plants treated with nano-Ni
exhibited the lowest nitrate reductase (NR) activity. The
nano-Ni treatment reduced NR activity by 41% and 43%
relative to the macro- and micro-Ni treatments, respectively,
during this period, regardless of the Ni application (seed-only
or seed + foliar). At the R2 growth stage, there were no
significant differences in NR activity among the treatments,
except for the control group. Plants treated with micro-Ni seed
+ foliar exhibited the highest NR activity, followed by macro-
Ni seed-only. At the R2 phenological stage, plants treated with
nano-Ni, especially those receiving seed + foliar, exhibited the
highest NR activity. The nano-Ni seed + foliar treatment was
1.42-fold greater than the control plant, without any Ni
application at the R2 phenological stage. On average, plants
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that received Ni through seed-only treatment or a combination
of seed + foliar applications exhibited a 1.49-fold increase in
NR activity compared with control plants.

The maximum nitrogenase activity, measured as the
acetylene reduction activity (ARA), was observed in plants
treated with macro-Ni applied via seed at the R2 phenological
stage. This treatment enhanced nitrogenase activity by 1.85-
fold relative to the control, followed by the micro-Ni treatment
with seed + foliar application, which showed a 1.75-fold
increase compared to the control (Figure Sa). Conversely,
nano-Ni application via seed reduced nitrogenase activity by
approximately 33% relative to the control and 20% relative to
nano-Ni applied via seed + foliar. At the RS phenological stage
(Figure Sb), ARA activity decreased by approximately 70%
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compared with the R2 stage, indicating a significant decline in
nitrogenase performance as the plants advanced through their
growth stages. At RS, the control plants had greater ARA
activity compared to the treatments. The lowest ARA activity
in RS was recorded in the treatment micro-Ni seed + foliar,
with a value of 13.4 ymol h™' and the control plants had a
value of 70 umol h™".

3.5. Nodule Dry Weight and Number of Nodules

Nodulation parameters, including the quantity and dry biomass
of nodules, exhibited significant variation across treatments and
phenological stages, with the most pronounced results
observed at maturity (Figure 6). At the stage of R2 (Figure
6a), nano-Ni application via seed increased the dry weight of
nodules by 2.4- and 2.2-fold relative to the macro- and micro-
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Ni treatments, respectively, and 1.35-fold compared to the
control plants. Similarly, the number of nodules was highest in
plants receiving nano-Ni via seed application at R2. At R2, the
macro-Ni treatment with seed + foliar application resulted in
the highest number and dry weight of nodules per plant,
followed by nano-Ni. At the RS growth stage, control plants
exhibited the highest average nodule count, with 480 nodules
per pot. This was followed by plants treated with nano-Ni
applied via seed + foliar methods, which had an average of 380
nodules per pot. However, the highest nodule dry weight was
observed in the macro-Ni seed-only treatment, with a value of
3.64 g. The nano-Ni treatment had a nodule dry weight of 3.5
g, while control plants averaged 2.01 g at RS. As the plants
matured, those treatments with nano-Ni exhibited a decline in
the nodulation parameters across the phenological stages
(Figure 6¢; f). At the R7 maturity stage, macro-Ni seed-only
treatments outperformed other treatments, yielding nodule dry
weights 1.81 and 1.75 times higher than those of nano-Ni and
control plant treatments, respectively. The findings emphasize
the significant influence of both the Ni source and its
application method on nodulation. Macro-Ni treatments
demonstrated superior performance at the R7 stage, while
nano-Ni applications, whether via seed or a combination of
seed + foliar methods, were particularly effective during earlier
stages (R2 and RS). This suggests that nano-Ni has the
potential to enhance nodulation and BNF dynamics in the
initial growth phases.

3.6. Observations on Plant Growth and Visibly Greener
Leaves

Figure 7 illustrates the visible differences in plant growth
among treatments 4 days after foliar Ni application at the V4

Without Ni With Ni — Seed

Control Micro

Without Ni

With Ni — Seed + Foliar

Control

Figure 7. Effect on soybean growth at the vegetative stage (V6) of
plants treated with Ni sources—macro, micro, and nanoparticles—
applied via seed and foliar. Plants were grown in pots containing 3 kg
of soil (%18 cm diameter).

stage. Compared to seed-only Ni treatments, the combination
of seed + foliar Ni application resulted in visibly greener leaves
and greater biomass accumulation. Notably, plants receiving
nano-Ni via both seed and foliar application exhibited more
pronounced greening and increased leaf biomass compared to
those that received Ni exclusively through seed treatment.

3.7. Ammonia, Nitrate, and Total Ureides Concentration in
Soybean Tissues

The ammonia concentration, indicative of urease activity, was
positively influenced by the Ni supply in most treatments,
particularly at the R2 stage (Figure 8). The macro- and micro-
Ni that received Ni only via seed had the lowest ammonia
results compared to the control plants, averaging 223, 233, and
348 pumol g~' DW, respectively. At the R2 growth stage, the
seed + foliar Ni application increased ammonia levels
significantly in the stem tissues across macro- and micro-Ni
treatments, apart from the nano-Ni seed + foliar treatment,
which exhibited a 43% reduction compared to the Ni-seed
treatment, measuring 275.1 and 481.4 pumol g_1 DWw,
respectively (Figure 8a). Conversely, at the RS stage, the
application of seed + foliar nano-Ni resulted in the highest
concentration of ammonia, exceeding macro- and micro-Ni
treatments by 1.7-fold and 1.22-fold, respectively. By the time
the plants reached maturity, the ammonia concentration from
the seed + foliar nano-Ni application was lower than that from
the nano-Ni application via seed only, measuring 333 ymol g™*
DW compared to 573 umol g=' DW. Notably, the
concentration from the seed-only application was the highest
among all treatments (Figure 8c).

A similar trend was observed in the nitrate concentrations of
soybean tissues. The application of Ni through both seed and
foliar methods generally increased nitrate levels, except for the
nano treatment. At the R2 stage, plants receiving only the seed
Ni applications showed nitrate concentrations of 218 ymol g™*
DW for macro-Ni, 256 pumol g_1 DW for micro-Ni, and 420
umol g~ DW for nano-Ni. In contrast, the seed + foliar
application resulted in nitrate levels of 330 ymol g~' DW for
macro-Ni, 371 ymol g~' DW for micro-Ni, and 264 pmol g~'
DW for nano-Ni (see Figure 8d). By the RS stage, the nitrate
levels for seed-only Ni treatments were 275 ymol g~' DW for
macro-Ni, 285 umol g~' DW for micro-Ni, and 253 gmol g~*
DW for nano-Ni. In comparison, the seed + foliar treatments
yielded values of 205 umol g~' DW for macro-Ni, 365 umol
g~' DW for micro-Nj, and 302 ymol g~' DW for nano-Ni (see
Figure 8e). At the R7 stage, nitrate concentrations peaked in
the nano seed-only treatment at S03 umol g~' DW.
Meanwhile, the macro and micro treatments applied via seed
+ foliar methods reached nitrate concentrations of 532 pmol
g~' DW and 254 umol g~' DW, respectively (Figure 8f).

The results reveal that the Ni source and application method
distinctly influenced ammonia and nitrate accumulation in
soybean tissues across phenological stages. Seed + foliar nano
application had mixed outcomes, reducing ammonia and
nitrate levels at R2 but boosting ammonia concentration at RS.
Macro and micro treatments generally maintained consistent
benefits across stages, highlighting their potential for
improving nitrogen metabolism in soybean cultivation. The
total concentration of ureides (allantoin and allantoic acid) was
influenced by the sources of Ni and the methods of application
(Figure 8g—i). In the control treatment (without Ni
application), ureide concentrations were higher during the
early phenological stages compared with the Ni-supplied
treatments. However, at the maturity stage (R7), plants treated
with Ni showed greater total ureide levels than the control
plants, indicating an improvement in nitrogen metabolism.
Unexpectedly, the combination of seed + foliar Ni application
did not consistently increase ureide concentration compared to
treatments where Ni was applied only via seed. At R7, the
ureide levels in plants treated with seed-only Ni were as
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Figure 8. Effect on (a-b-c) ammonia, (d-e-f) nitrate, and (g-h-i) ureides concentration in soybean stems at (a-d-g) flowering (R2), (b-e-h)
beginning seeds (RS), and (c-f-i) maturity (R7) of plants treated with Ni sources—macro, micro, and nanoparticles—applied via seed and foliar.
Values are means and standard deviations of three (R2 and RS) and five (R7) replicates. Different letters indicate significant differences according
to the least difference (Tukey) test, P < 0.05. Combined letters (e.g., “bc”) indicate overlap between statistical groups.

follows: 9946 pmol g~' DW for macro-Ni, 5318 ymol g~! DW
for micro-Ni, 7724 umol g~' DW for nano-Ni, and 7411 ymol
g_1 DW for the control. In contrast, the concentrations for the
seed + foliar Ni application were 10345 umol g~' DW for
macro-Ni, 4943 umol g~' DW for micro-Ni, and 5955 ymol
g™ DW for nano-Ni. These results suggest that while Ni
application enhances total ureide accumulation in later stages,
both the method of application and the source of Ni
significantly influence the degree of this response. Seed-only
Ni treatments displayed more consistent benefits, especially for
macro- and nano sources, compared to the combination of
seed and foliar applications.

3.8. Total Nitrogen Concentration in Soybean Tissues

The concentrations of total N in plant tissues are presented in
Tables 2 and 3. At the R2 stage, the highest N content was
found in plants treated with nano-Ni applied via seeds,
averaging 44.8 g kg_l. In contrast, the lowest N content was
observed in plants exposed to micro-Ni through seed + foliar
application, averaging 33.2 g kg™'. At the RS stage, the highest
N concentration was observed in plants that received both seed
+ foliar applications of nano-Ni, which had an N content of 37
g kg™'. Conversely, the lowest N content was again noted in
the micro-Ni seed + foliar-treated plants at 26.8 g kg™'. During
the R7 stage (maturity stage), the trend remained consistent
with the RS stage: the highest N content was found in plants
treated with nano-Ni via seed + foliar, exhibiting a value of

324 ¢ kg_l, while the lowest was again in the micro-Ni
treatment seed + foliar, at 27.7 g kg™'. Overall, except for the
micro-Ni treatments, the combination of seed and foliar
applications significantly boosted N content, particularly
during the RS and R7 stages.

3.9. BNF Evaluation Using 6"°N%0 Technique

The natural §'°N abundance method was used to estimate
BNF in the aerial parts (Table 2) and seeds (Table 3) of
soybean crops across multiple key phenological stages: R2, RS,
and R7. The nonfixing plant species Oryza sativa (control)
showed a 6"N%o of 3.5%o, providing a baseline for
comparison. At the R2 stage, differences were found among
the treatments. Soybean plants treated with macro-Ni (via seed
+ foliar) had a §"*N%¢ value of —1.5, while those treated with
micro-Ni had —1.3, and plants with nano-Ni applied via foliar
showed a 6'°N%o value of —0.8. Notably, the BNF values
ranged from 70.8% (nano-Ni) to 87.4% (micro-Ni), with
macro-Ni seed + foliar application achieving 81.4% BNF at R2.
The control plants, with no Ni application, showed a BNF of
approximately 77.3% at R2. At the RS stage, there were no
significant differences among treatments, but the macro-Ni via
seed + foliar plants exhibited a lower BNF compared to the
treatments with Ni. Similar results were observed at the R7
stage, with the control treatment showing a BNF of around
70.4%, while all treatments with Ni had around 98% BNF,
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Table 2. Effect on Natural Abundance of §'*N%o, Estimation of Biological N, Fixation (BNF), and N-Total in the Soybean
(Aerial Parts) at Different Phenological Stages of Plants Treated with Ni-Sources, Macroparticles, Microparticles, and

Nanoparticles, Applied via Seed and Foliar Application®

Treatments Aerial parts of soybean plants
Ni-sources Ni-applications 6"N%o BNF (%) N-total(g kg™")
Full Bloom — R2
Macro Seed -0.7 £ 0.2 ab 68.7 + 3.4 bc 39.9 + 2.8 abc
Macro Seed + Foliar -1.5 + 0.4 bc 81.4 + 6.4 ab 41.7 + 04 ab
Micro Seed -1.3 + 0.1 abc 77.1 + 7.7 abc 38.3 + 0.5 bed
Micro Seed + Foliar -1.3+£02¢ 874 + 36 a 332 +26d
Nano Seed -02+0S5a 60.5 + 84 ¢ 448 +£20 a
Nano Seed + Foliar -0.8 + 0.1 abc 70.8 + 1.3 abc 350+ 0.1 cd
Control (Without Ni) -1.2 + 0.2 abc 77.3 + 2.5 abc 39.2 + 1.3 be
C.V. (%) 20.9 6.9 7.3
Beginning seeds — RS
Macro Seed -1.3+03a 794 + 44 a 37.6 + 0.10 a
Macro Seed + Foliar -0.7 + 0.8 a 68.6 + 13.5a 38.1 +0.02 a
Micro Seed -1.5+02a 818 +39a 349 + 0.8 ab
Micro Seed + Foliar -19 £ 0.1 a 879 + 1.1 a 26.8 + 0.8 ¢
Nano Seed -12+01a 77.5 + 6.6 a 30.8 + 2.8 be
Nano Seed + Foliar -1.5+04a 81.6 + 7.0 a 370 £ 19 a
Control (Without Ni) -1.1 £ 06 a 749 + 10.1 a 342 +22ab
CV. (%) 16.3 64 7.9
Maturity — R7

Macro Seed -2.0 + 0.3 ab 90.1 +5.1a 294 +02b
Macro Seed + Foliar -1.3 + 0.6 ab 88.7 + 0.32 ab 332+ 17a
Micro Seed -1.7 + 0.4 ab 85.5 + 7.0 ab 28.7 + 04 b
Micro Seed + Foliar 21 +£01b 923 £ 03 a 277 £ 10b
Nano Seed -2.0 + 0.2 ab 90.1 £ 4S5 a 27.8 + 04D
Nano Seed + Foliar -0.6 + 0.8 a 673 + 133 Db 324 + 04 a
Control (Without Ni) -0.8 + 0.5 ab 704 + 9.0 ab 288 +0.7b
CV. (%) 9.4 5.5 5.3

“Values are means and standard deviations of three (R2 and RS) and four (R7) replicates. Different letters indicate significant differences according
to the least difference (Tukey) test, P < 0.0S.

Table 3. Effect on Natural Abundance of §'N%o, Estimation of Biological N, Fixation (BNF), and N-Total in the S of Soybean
at Phenological Stage of Maturity (R7) of Plants Treated with Ni-Sources, Macro, Micro, and Nanoparticles, Applied via Seed
and Foliar Application”

Treatments Grains of soybean plants
Ni-sources Ni-applications & “N%o BNF (%) N-total(g kg™")
Maturity — R7

Macro Seed -0.2 + 0.1ab 61.1 + 2.0 ab 48.6 + 0.3 ¢
Macro Seed + Foliar -0.3 + 0.2 ab 61.7 + 3.7 a 568 + 05 a
Micro Seed -0.1 + 0.0 ab 63.1 +45a 52.7 + 0.3 abc
Micro Seed + Foliar -0.12 + 0.3 ab 58.1 + 1.4 ab 52.6 + 0.3 abc
Nano Seed -04+02b 58.7 + 1.2 ab 55.1 + 0.6 ab
Nano Seed + Foliar -0.1 + 0.0 ab 59.5 + 4.9 ab 54.0 + 1.2 ab
Control (Without Ni) 0.16 + 0.1 a S32+16b 51.8 + 3.9 be
CV. (%) 56.8 47 2.4

“Values are means and standard deviations of three (R2 and RS) and five (R7) replicates. Different letters indicate significant differences according

to the least difference (Tukey) test, P < 0.05.

except for nano-Ni seed + foliar that exhibited a BNF value of
67.3%.

3.10. Nitrogen in Seeds Derived from the Atmosphere
(BNF)

The analysis of 6'"N%o in the seeds indicated that
approximately 60% of the nitrogen present in the seeds was
derived from biological nitrogen fixation, compared with 53%
in the untreated control (Table 3). In general, Nil

supplementation, independent of source or application method
(seed alone or seed combined with foliar treatment), promoted
BNF and elevated nitrogen accumulation in both aboveground
tissues and seeds. The combined seed and foliar Ni treatment
resulted in the highest BNF contribution and total nitrogen
levels, emphasizing the beneficial role of Ni in regulating

nitrogen metabolism in soybean.
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3.11. Correlations and Principal Component Analysis
(PCA) of Ni Treatments in Soybean

3.11.1. Phenological Stage R2 (At Flowering Stage).
The Pearson’s correlation coefficients revealed key relation-
ships (Suppl. Figure 1a), with positive correlations: (i) urease
activity with leaf and stem dry weight; (ii) nitrate reductase
activity with nitrogenase activity; (iii) nodules (number and
dry weight) with stem, leaf, and root dry weight; (iv) Ni
concentration in roots with the number of nodules and BNF;
and (v) BNF with nitrogenase activity; (vi) ammonia and
nitrate concentration with nodules’ dry weight. On the other
hand, the following negative correlations were observed: (i)
ureide levels associated with nodule abundance, nitrate
reductase activity, and Ni concentration in the roots; (ii)
nitrogenase activity with leaf dry weight. The PCA (Suppl.
Figure 2a) was performed to evaluate the relationships among
treatments. The first two principal components (PC1 and
PC2) explained 26.88% and 15.64% of the total variance,
respectively. PC1 primarily separated treatments based on
biomass accumulation and Ni concentration. Positive loadings
on PC1 were associated with higher nodulation parameters
(Number Nod, Nod DW), greater BNF, increased plant
biomass (Leaf DW, Stem DW, Roots DW), and higher Ni
accumulation in tissues ([Ni] Leaf, [Ni] Nod, [Ni] Stem, [Ni]
Roots). Conversely, negative loadings on PC1 were linked to
higher ureide concentrations, nitrogenase activity, and 55N,
suggesting lower nitrogen fixation efficiency and a greater
reliance on soil nitrogen. PC2 separated treatments based on
enzyme activity. Variables positively correlated with PC2
included nitrate reductase (N. reductase) and urease activity,
indicating an increased enzymatic role in nitrogen metabolism.
In contrast, negative loadings on PC2 were associated with
nitrogenase activity and ureide concentrations. The clustering
pattern observed in the PCA biplot was further confirmed by
hierarchical clustering (Suppl. Figure 2b), where nanofertilizer
treatments grouped separately from macro- and micro-
treatments, suggesting distinct nitrogen assimilation pathways.
Control treatments (without nickel) clustered together,
indicating lower nitrogen fixation efficiency and reduced
biomass accumulation.

3.11.2. Phenological Stage R5 (At Seeds Set). The
Pearson’s correlation coefficients (Suppl. Figure 1b) revealed
key relationships, with positive correlations as follows: (i)
nitrate and ammonia; (ii) leaf DW and total N; (iii) number of
nodules and nodules dry weight; and (iv) anodule number and
leaf dry weight. In contrast negative correlations were as
follows: (i) Ni concentration in the nodules and nitrate and
(i) nitrogenase activity with root Ni concentration. The PCA
(Suppl. Figure 2c) was performed to evaluate the relationships
among treatments. The first two principal components (PC1
and PC2) explained 24.55% and 19.43% of the total variance,
respectively. PC1 was primarily associated with BNF, nitrate,
ammonia, and root dry weight, with positive loadings for these
variables. In contrast, 6"°N and urease exhibited strong
negative loadings. PC2 was positively associated with Ni
concentration in leaves and roots, while negatively correlated
with biomass-related traits such as stem and leaf dry weight.
The PCA biplot revealed clear grouping patterns among
treatments. Nano treatments, regardless of the application,
were positioned along the positive PC1 axis. Macro treatments
and control plants clustered toward the negative PC1 axis. The
clustering pattern observed in the PCA biplot was further
confirmed by hierarchical clustering (Suppl. Figure 2d), which

showed distinct treatment groupings. Nano treatments formed
a separate cluster, while micro treatments grouped; and macro
treatments grouped together, distinct from macro and control
treatments.

3.11.3. Phenological Stage R7 (At Maturity). The
Pearson’s correlation coefficients revealed key relationships
(Suppl. Figure 1c), with positive correlations as follows: (i)
BNF in the grains with nodules dry weight, Ni concentration in
the stem, and number of grains; (ii) BNF and Ni concentration
in the grains; (iil) ammonia concentration with total N in the
grain and number of grains; (iv) Ni concentration in roots with
nodules dry weight, BNF, and number of nodules; and (v) Ni
concentration in the roots with leaf dry weight. The negative
correlations were as follows: (i) 6"*N%o with number of
nodules and ammonia concentration; (ii) Ni concentration in
the roots with N total in the grain; (iii) ammonia
concentration with nodules dry weight; and (iv) ureides with
Ni concentration in the leaf. The PCA (Suppl. Figure 2e) was
performed to evaluate the relationships among treatments. The
first two principal components (PC1 and PC2) accounted for
20.47% and 15.98% of the total variance, respectively. PC1 was
primarily influenced by 5'°N grains, Ni concentration in the
nodules, and BNF, while PC2 was largely associated with
nitrate, ammonia, and Ni concentration in the leaf. Treatments
were distributed along both axes, with nano treatments (seed-
only, seed + foliar) separating distinctly from the control and
macro treatments. The PCA biplot shows that BNF grains, the
number of nodules, and the number of ureides are closely
clustered together. Conversely, 6"°N and Ni concentration in
the nodules were negatively associated with BNF. The
hierarchical clustering (Suppl. Figure 2f) further delineated
treatment effects, forming three major groups. Micro seed-only
and seed + foliar clusters were clustered together, nano seed-
only and control were clustered together, while macro seed-
only and seed + foliar formed a distinct cluster.

4. DISCUSSION

This study shows that Ni applications, via seed treatment and
foliar spray, distinctly modulated biochemical, nutritional, and
physiological processes in soybeans, upregulating N-metabo-
lism and BNF. The findings emphasize the different impacts of
Ni sources (nano, micro, and macro-Ni forms) and application
methods, presenting a potential mechanistic narrative for the
role of Ni in legume nutrient optimization. The performance of
the nano-Ni and micro-Ni treatments, especially with seed +
foliar applications, raises important questions about how
particle size influences Ni bioavailability and its integration
into plant metabolism. Although increases in urease and NR
activity were observed, the results indicate that Ni application,
regardless of particle size or mode of application, enhances the
activity of these enzymes’ cofactors.”’

This study explores the combined effect of seed-applied Ni
and supplementary foliar Ni application, focusing particularly
on the use of nanoparticles. While previous research has
examined the effects of Ni oxide nanoparticles (NiO-NPs) on
barley, wheat, and tomato,”>"* this is the first investigation into
the impacts of Ni hydroxide nanoparticles (Ni(OH),) and the
form of Ni application on soybean plants. This study
demonstrated that nano-Ni seed + foliar supplementary
application of Ni resulted in greater Ni accumulation in
roots and nodules relative to seed treatments alone, mainly at
an early stage. Notably, plants treated with nano-Ni via seed
exhibited a decline in nodule Ni concentration as the soybean
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plants developed, unlike those treated with macro-Ni, which
maintained higher concentrations. However, the combined
seed + foliar nano-Ni application ensured consistent or
increased Ni concentrations in plant tissues throughout the
developmental stages, highlighting its efficacy in promoting Ni
translocation and accumulation in critical organs. This aligns
with previous studies indicating that Ni-NPs tend to
accumulate more in roots and nodules than in shoots, as
observed in barley, wheat, and other plants.94_97 Additionally,
our findings indicate that despite the expected slow release of
Ni nanoparticles across developmental stages, the measured
parameter increased during early stages and declined at later
stages. The precise mechanisms driving this temporal pattern
remain unclear; possible explanations include transiently
enhanced bioavailability or early physiological stimulation,
followed by nanoparticle transformation, sequestration, or
toxicity at later stages.

In line with these possibilities, this response may also be
attributed to the physicochemical properties of the a-Ni(OH),
nanoparticles, including their nanometric size, high surface
area, and hydrated a-phase structure, which favor enhanced Ni
availability during early growth stages. Previous studies report
particle sizes in the 1—10 nm range and increased reactivity of
the a-Ni(OH), phase, promoting partial dissolution under
acidic soil conditions.**”

Under these conditions, soil pH emerges as a key factor
controlling Ni availability from «-Ni(OH), nanoparticles.
Given the low solubility product of nickel hydroxide (Ksp =
5.5 X 107'%), these nanoparticles remain largely insoluble
under neutral to mildly alkaline conditions but become readily
soluble under acidic conditions (pH < ~4), generating
hydrated Ni** ions.®°

In the context of the acidic nature of Brazilian soils and the
historically low pH of the soil used in this study (~4.2), such
dissolution behavior is particularly relevant for interpreting
temporal changes in Ni availability and plant responses.
Previous studies have demonstrated that soil acidity strongly
influences metal oxide nanoparticle behavior; for example,
ZnO nanoparticles have been reported to exhibit up to a 200-
fold increase in Zn solubility under acidic compared with
alkaline conditions, resulting in dose-dependent phytotox-
icity.”” Additionally, soil pH has been shown to significantly
affect the distribution of Zn derived from ZnO nanoparticles
among different soil particle-size fractions.'”’ Although soil pH
was adjusted with lime prior to the experiment, BNF by
soybean can induce localized rhizosphere acidification through
proton release.'”" Such pH changes may influence nanoparticle
dissolution and metal availability over time. While soil or
rhizosphere pH was not measured at the end of the
experiment, this process represents a plausible mechanism
contributing to the observed temporal shift in plant responses.
In this context, as soybean development progressed, the initial
positive effects diminished, likely reflecting a mismatch
between sustained Ni release and declining plant Ni demand.
Given that Ni is required in only trace amounts, continued
availability beyond early growth stages may lead to nutrient
imbalance or interference with other micronutrients. Addi-
tionally, strong interactions between a-Ni(OH), nanoparticles
and soil mineral components may create localized zones of
elevated Ni availability, further contributing to the observed
decline in growth responses at later stages due to toxicity. Such
effects are consistent with the preferential association of
predominantly negatively charged nanoparticles with clay

minerals, particularly under acidic conditions, where electro-
static interactions are enhanced.””'°*'> The aboveground
parts of the plants (stem and leaves) showed that the
application of nano-Ni and macro-Ni, both as seed + foliar
treatments, led to greater Ni accumulation compared with
seed-only treatment. However, in the case of the micro-Ni
treatment, the application of Ni solely to the seeds yielded
better results (Table 1). In addition, the combined seed and
foliar application of Ni significantly enhanced its accumulation
in soybean seeds. Nano and micro-Ni fertilizers, applied via
seed and foliar spray, were particularly effective, corroborating
findings from previous studies (e.g, Kutman et al, 2013,
2014).”" Higher Ni concentrations in nodules emphasize its
essential role in BNF, particularly for the hydrogenase enzyme
crucial for hydrogen recycling.'”* The observed differences in
nodule Ni concentrations across the treatments offer additional
mechanistic insights. Nano-Ni-treated plants showed lower
initial nodule Ni concentration relative to macro- and micro-Ni
forms but maintained or increased concentration during later
stages (Table 1), indicating a more consistent nutrient supply.
This pattern indicates that nano-Ni promotes a gradual
accumulation of Ni in nodules, enhancing their functionality
over time; nanoparticles can supply nutrients to the plant more
gradually and with greater control than sulfate fertilizers.">*
However, the lower nodule Ni concentrations in some nano-Ni
treatments at early stages raise questions about potential trade-
offs between rapid nutrient availability and sustained delivery.
Addressing these dynamics could further enhance the design of
nanofertilizers for legume crops.

Interestingly, the Ni concentration in leaves varied
throughout the phenological stages (Table 1). At the R2
stage, plants treated with nano-Ni, whether via seed or seed +
foliar application, showed lower Ni concentrations in leaves
relative to other sources, especially macro-Ni. For example,
leaves from plants treated with macro-Ni via seed + foliar
application had an average Ni concentration of 5.6 mg kg™,
while those treated with nano-Ni via seed + foliar application
averaged 3.7 mg kg~'. However, by the R7 stage, soybean
leaves treated with nano-Ni exhibited increased Ni concen-
trations, surpassing those of plants treated with macro-Ni via
seed + foliar application. The observed increase in Ni
concentration in leaves over time following nano-Ni
application is likely due to the gradual and controlled nutrient
release typical of nanofertilizers, combined with the low water
solubility of Ni(OH),.”*'* This controlled release likely
explains the higher Ni concentrations in leaves at later
developmental stages, ensuring efficient nutrient utilization
throughout plant growth. The reduced seed Ni concentration
with nano-Ni treatments compared to those with macro- and
micro-Ni forms may indicate a trade-off between immediate
physiological benefits and long-term nutrient storage. This
phenomenon warrants further exploration to optimize Ni
formulations for both agronomic performance and food
safety.'%°

This study showed that seed + foliar Ni application,
especially with nanoparticles, stimulated BNF, with the greatest
impact observed during the RS and R7 phenological stages
(Tables 2 and 3) when atmospheric N assimilation peaked, as
indicated by 6"°N values approaching zero. Similarly,'® it was
reported that BNF increased by 12% using seed-applied Ni.
The evaluation of BNF using 6'°N analysis provides
compelling evidence of the critical role of Ni in nodule
function and atmospheric N assimilation. Combined seed +
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foliar applications significantly boosted BNF efficiency, with
smaller Ni particles (nano and micro-Ni) treatments achieving
the highest contributions during reproductive stages. This
enhancement is likely linked to Ni function in activating
hydrogenase, an enzyme that improves nitrogenase efficiency
by eliminating hydrogen byproducts. These findings suggest
that nano-Ni fosters optimal nodule functionality and hydro-
genase activity, likely through its interaction with nitrogenase
during critical growth phases, potentially mitigating micro-
nutrient deficiencies commonly found in tropical soils.
Nitrogenase activity peaked at R2, consistent with maximum
nodulation during this stage.”” While seed-applied micro-Ni
initially boosted nitrogenase activity, foliar applications were
more effective later, reflecting developmental shifts in nutrient
demand and differing solubility rates of Ni sources. These
findings align with reports of nanofertilizers delivering
nutrients more efficiently than conventional salts.””'®” This
enzymatic enhancement is likely linked to the role of Ni in
activating urease and hydrogenase enzymes, which are critical
for the BNF process. The delayed peak in NR activity with
nano-Ni treatments compared to those with macro- and micro-
Ni forms suggests a unique temporal modulation of N
metabolism. This mechanistic distinction highlights the
potential for nano-Ni formulations to sustain enzymatic
activity over extended periods, a feature critical for crops in
nutrient-low availability soils.”"'*%'%

Our results show a clear stage-dependent response of
soybean N cycling to Ni fertilization, especially when Ni is
supplied in nanoparticle form. At the beginning seed stage
(RS), the correlation matrix revealed strong positive relation-
ships among the classical indicators of biological N acquisition,
such as biological nitrogen fixation (BNF), ureides, total N,
and nodulation traits, while 5'°N was negatively correlated
with BNF, consistent with its well-known role as an inverse
proxy for symbiotic N, fixation. Notably, the concentrations of
Ni in stem, leaf, and root tissues were only weakly or
inconsistently correlated with these N-related traits, indicating
that the simple accumulation of Ni does not directly translate
into enhanced N fixation. Instead, the effects of Ni are likely
mediated through specific metabolic pathways, such as urease
and nitrate-reductase activity, rather than through total tissue
Ni concentration alone.

The principal component analysis (PCA) further highlights
a temporal shift in the plant response. At the early reproductive
stage (R2), the Ni-nanoparticle treatments clustered with
vectors representing high N metabolic activity (urease, nitrate
reductase, and BNF), suggesting that the nanoparticles
stimulated N assimilation at this early stage. By contrast, in
the late reproductive stage (R7), the same treatments were
positioned closer to variables describing tissue Ni pools and
farther from the BNF and nodulation vectors, indicating that
the initial stimulation of N fixation was not maintained. In
other words, although the plants continued to accumulate Ni,
the biological benefits to N cycling diminished as the crop
approached grain filling.

This transient “boost-then-decline” pattern may arise from
several mechanisms, not mutually exclusive. Over time,
nanoparticles can transform or dissolve, altering Ni speciation
and bioavailability; internal Ni concentrations may reach levels
that trigger feedback inhibition of key enzymes or delayed
oxidative or phytotoxic effects may offset early gains. Similar
early stimulation followed by later inhibition of microbial or

plant enzymatic activity has been reported for other metal-
based nanoparticles, including NiO and CuO."'"'"!

Nickel enhances nitrogen metabolism by increasing urease
activity, regardless of the form of Ni used or how it is applied.
As a key enzyme in N recycling, urease facilitates urea
breakdown into ammonia, supporting overall N metabolism.'®
Nitrate reductase activity improved significantly with nano Nj,
particularly at the R2 stage, corresponding with peak
nodulation.”” However, NR activity overall declined during
the RS stage compared with the previously stage analyzed
(V6), as soybean enters the reproductive stage, and N
demands shift toward seed filling."'>""* Additionally, macro-
Ni application increased ureide synthesis at the R2 stage,
crucial for N transport in soybean tissues.''* Despite elevated
Ni levels in treated plants, no toxicity symptoms were
observed, with concentrations remaining below thresholds for
sensitive species. This highlights the safety and efliciency of
nano-Ni fertilizers compared with conventional salts.

Accordingly, the controlled greenhouse conditions used in
this study allowed for the isolation of nanoparticle—soil—plant
interactions under well-defined temperature, moisture, and
radiation regimes; however, they do not fully capture the
complexity of field environments. Under field conditions,
factors such as diurnal and seasonal temperature fluctuations,
variable solar radiation, soil heterogeneity, and dynamic
microbial activity may alter nanoparticle transformation,
mobility, and Ni release kinetics. In particular, spatial
variability in soil properties and root—microbe interactions
may lead to heterogeneous Ni availability compared with the
more uniform conditions of greenhouse experiments. Despite
these limitations, greenhouse studies provide valuable mech-
anistic insight into early plant responses and nanoparticle
behavior, serving as an important step toward understanding
potential field-scale outcomes. Future field-based studies are
therefore necessary to validate the extent to which the
observed responses translate to agronomic conditions.

5. IMPLICATIONS AND OUTLOOK: ADVANCING
NUTRITIONAL GENOMICS AND MECHANISTIC
INSIGHTS

In summary, this study evaluated the use of nickel nano-
particles (Ni(OH),) in soybean and found that, although seed
+ foliar applications produced a short-term stimulation of
BNF, nitrogen metabolism, and seed Ni concentration at early
reproductive stages, these benefits were not sustained through
later growth. By grain filling, tissue Ni concentrations remained
elevated, but key indicators of BNF and N metabolism had
declined relative to their early-season levels, indicating that the
initial advantages of the nanoparticle treatment were transient.

These results confirm the essential role of Ni as a cofactor in
nitrogen metabolism but do not support the broad superiority
of nano-Ni formulations over conventional sources. Instead,
the findings highlight that the performance of Ni nanoparticles
is strongly stage-dependent and may not provide consistent
agronomic benefits across the entire soybean growth cycle.
Additionally, when enzymatic activities and nitrogen-related
metabolites measured by spectrophotometric assays are
interpreted, it is important to consider potential analytical
limitations associated with nanoparticle-based treatments. In
this study, measurements were performed on clarified plant
extracts rather than nanoparticle suspensions, which reduces
the likelihood of direct optical interference during analysis.
However, nanoparticle-specific assay controls and full spectral
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scans were not included. Therefore, while the observed trends
are consistent with established physiological roles of Ni in
plant nitrogen metabolism, subtle analytical interference
cannot be completely excluded and should be addressed in
future studies specifically designed to evaluate nanoparticle—
assay interactions.

Beyond analytical considerations, the observed pattern of
early stimulation followed by a decline in plant physiological
responses suggests a complex interaction between Ni
availability and plant demand. While the precise mechanisms
underlying this temporal response remain uncertain, the strong
relationship observed between Ni availability and soil pH in
this study indicates that pH-mediated changes in Ni solubility
may have contributed to this “boost—decline” pattern. Under
acidic conditions, Ni nanoparticles are expected to exhibit
increased dissolution and bioavailability, which may initially
support nitrogen metabolism but subsequently lead to
excessive Ni availability and potential toxicity, thereby
impairing plant growth. Finally, the possible long-term
ecological impacts and residual effects of Ni nanoparticles
warrant careful evaluation. Studies that combine time-resolved
nutrient monitoring with assessments of soil health and
environmental fate are needed before the large-scale adoption
of Ni-nanoparticle fertilizers. Overall, while Ni remains a key
element for soybean nitrogen metabolism, our findings suggest
that nano-Ni offers, at best, a temporary advantage rather than
a consistent improvement in crop N-use efficiency.

6. CONCLUSIONS

This study shows that nickel nanoparticle (Ni(OH),)
applications elicit a transient stimulation of soybean N
metabolism and BNF rather than a sustained synergistic effect.
Our hypothesis that nanosized particles would enhance Ni
bioavailability relative to micrometric or conventional Ni
sources was supported by the early reproductive stage (R2),
when nano treatments promoted Ni uptake and were
associated with higher urease and nitrate-reductase activity,
as well as elevated levels of ammonia, nitrate, and ureides.
These early enhancements coincided with improved BNF
indicators, including nitrogenase activity and 6N signatures.

However, as the crop progressed toward grain filling (R7),
the initial gains diminished: tissue Ni concentrations remained
elevated, yet BNF and related N-cycling parameters declined
relative to earlier stages and some conventional Ni treatments.
This stage-dependent “boost—then—decline” pattern suggests
that while Ni nanoparticles can transiently enhance N
assimilation and fixation, their benefits may not persist through
late reproductive development.

These findings underscore the need to account for crop
developmental stage when evaluating nanofertilizer perform-
ance. Future work should examine the mechanisms underlying
the observed temporal decline, such as nanoparticle trans-
formation, feedback inhibition, or delayed phytotoxicity, and
assess long-term ecological and agronomic consequences. Only
by understanding these dynamics can Ni(OH),-NP fertilizers
be deployed sustainably and effectively in soybean and other
cropping systems.
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Notes

Nickel nanoparticle application enhances early-stage soybean
growth by boosting biological nitrogen fixation, nitrogen
metabolism, and biomass production, though effects may
diminish later due to potential toxicity.
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