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Abstract

Introduction: Iron (Fe) deficiency is a persistent constraint in calcareous soils, where high pH and carbonate
dominance promote Fe immobilization into poorly soluble pools. Although Fe deficiency has been widely
studied, limited attention has been paid to how Fe fertilization strategies influence the redistribution of Fe
chemical fractions within the soil solid phase, particularly under seed-based management approaches. Seed
priming with Fe aminochelates represents a novel strategy that may regulate early Fe availability by
modifying Fe partitioning among soil fractions rather than merely increasing total Fe supply. Unlike
conventional FeSO,, which rapidly transforms into insoluble forms, Fe aminochelates have the potential to
redirect Fe from stable reservoirs toward more labile and plant-available pools. Therefore, this study was
designed to investigate, for the first time, how seed priming with Fe-glycine [Fe(Gly),] and Fe-methionine
[Fe(Met),] affects Fe chemical fractionation in the solid phase of calcareous soil and how these changes are
linked to Fe uptake and accumulation in sunflower (Helianthus annuus L. cv. Oscar).

Materials and Methods: A field experiment was conducted using a randomized complete block design
(RCBD) with three replications. Treatments included seed priming with [Fe(Gly),] (2%), [Fe(Met),] (2%),
FeSO, (2%), and an unprimed control. At harvest, soil pH, DTPA-extractable Fe, and Fe chemical fractions
were determined using a modified Tessier sequential extraction method, including exchangeable (EXC-Fe),
organically bound (ORG-Fe), carbonate-bound (CAR-Fe), Fe/Mn oxide-bound (OX-Fe), and residual (RES-
Fe) fractions. Fe concentration in sunflower leaves and seeds, as well as seed Fe uptake, were also measured.

Results and Discussion: Seed priming with Fe aminochelates significantly altered soil Fe dynamics and
plant Fe nutrition. Both [Fe(Gly),] and [Fe(Met),] reduced soil pH relative to the control and FeSOy,, thereby
enhancing Fe solubility. DTPA-extractable Fe increased by 29.2% and 36.1% under [Fe(Gly),] and
[Fe(Met),], respectively. These treatments also increased seed Fe concentration (10.4% and 12.6%) and seed
Fe uptake (60.7% and 71.5%). Across treatments, Fe fractions followed the order RES-Fe > OX-Fe > CAR-
Fe > ORG-Fe > EXC-Fe. However, Fe aminochelates—particularly [Fe(Met),]—significantly increased the
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relative contribution of EXC-Fe and ORG-Fe while reducing CAR-Fe. DTPA-extractable Fe showed strong
positive correlations with EXC-Fe (r = 0.86™") and ORG-Fe (r = 0.84™), and seed Fe uptake was closely
associated with these labile fractions. These results demonstrate that Fe aminochelates enhance Fe
bioavailability not only by increasing soluble Fe but also by reshaping the internal Fe fractionation toward
more dynamic pools.

Conclusion: This study provides new evidence that seed priming with Fe aminochelates functions as a
regulatory mechanism for Fe fractionation in calcareous soils, rather than acting solely as a Fe supply
strategy. By promoting the transfer of Fe from carbonate-bound forms to exchangeable and organically
bound pools, Fe aminochelates—especially [Fe(Met),]—create a more effective and sustainable Fe reservoir
for plant uptake. These findings highlight seed priming with Fe aminochelates as an innovative and efficient
approach for improving Fe nutrition and mitigating Fe deficiency in calcareous soil-plant systems.

Keywords: Carbonate-bound iron, Calcareous soil, Exchangeable iron, Seed priming
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Figure (1) FT-IR spectra (cm™) of a) [Fe (Gly):] and b) [Fe (Met):] aminochelates.
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Table (4) ANOVA for the effect of treatments on pH and concentration of soil available Fe.
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Figure (2) Mean comparisons of the effect of treatments on soil pH. The same letters indicate
non-significant difference according to Tukey's test (p <0.05).
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Figure (3) Mean comparisons of the effect of treatments on concentration of soil available Fe. The
same letters indicate non-significant difference according to Tukey's test (p <0.05).
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Table (5) ANOVA for the effect of treatments on concentration of different Fe chemical forms in
the soil solid phase.
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" and **: non-significant and significant at p<0.01, respectively.
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Table (6) Mean comparisons of the effect of treatments on concentration of different Fe chemical
forms (mg kg") in soil solid phase.
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The same letters indicate non-significant difference according to Tukey's test (p <0.05).
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Figure (4) Distribution diagram of the different Fe chemical forms in soil solid phase.
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Table (7) ANOVA for the effect of treatments on leaf and seed Fe concentration, and seed Fe uptake
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Figure (5) Mean comparisons of the effect of treatments on leaf Fe concentration of sunflower.
The same letters indicate non-significant difference according to Tukey's test (p <0.05).
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Figure (6) Mean comparisons of the effect of treatments on seed Fe concentration of sunflower.
The same letters indicate non-significant difference according to Tukey's test (p <0.05).
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Figure (7) Mean comparisons of the effect of treatments on Fe uptake in plant seed.
The same letters indicate non-significant difference according to Tukey's test (p <0.05).
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Figure (8) Pearson correlation coefficients between plant Fe concentration and soil available Fe
concentration with the chemical forms of Fe in the soil solid phase. All correlation coefficients are
significant at the 1% probability level (p < 0.01). The size of the geometric squares is directly

related to the significance level of the correlations; larger squares indicate more significant
relationships. The color gradient of the cells is based on z-score, ranging from green (negative
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