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Introduction

Iron (Fe) is an essential micronutrient that plays a vital role in various plant metabolic processes. However, in
calcareous soils with high pH, the availability of Fe is greatly limited due to its precipitation into insoluble
forms, resulting in Fe deficiency and reduced crop yields. This limitation highlights the need for alternative
strategies to enhance Fe uptake efficiency in plants. Recent studies suggest that Fe aminochelates (complexes of
Fe with organic ligands such as amino acids) can significantly improve Fe availability and uptake in alkaline
soils. Fe deficiency is especially problematic in arid and semi-arid regions, where calcareous soils dominate and
conventional Fe fertilizers, such as FeSO,, are often ineffective due to rapid oxidation and fixation of Fe3*.
Insufficient Fe availability disrupts chlorophyll synthesis, enzyme activity, and overall photosynthetic efficiency,
which ultimately affects plant growth, biomass accumulation, and nutritional quality. Therefore, improving Fe
acquisition through more stable and bioavailable sources is crucial for sustainable crop production. Among
various synthetic and natural Fe sources, Fe aminochelates have drawn attention because of their stability,
solubility, and ability to resist precipitation in high-pH environments. By forming soluble Fe—amino acid
complexes, these chelates enhance Fe translocation within plant tissues and promote physiological functions
even under Fe-limiting conditions. Given this potential, the present study was conducted with the following
objectives: (i) to evaluate the effect of fertigation application with Fe aminochelates and FeSO, on the
distribution of Fe chemical fractions in the solid phase of calcareous soil, (ii) to analyze the correlation between
soil Fe fractions and Fe content/uptake in sunflower (Helianthus annuus L. cv. Oscar), and (iii) to establish a
comparative efficacy framework for Fe sources in calcareous soil-plant systems under fertigation management.

Materials and Methods

A field experiment was carried out using a randomized complete block design (RCBD) with three
replications. The treatments included: (1) control (without any Fe fertilizer), (2) FeSOa at 20 kg ha™', (3) Fe-
glycine [Fe (Gly),] aminochelate at 4 L ha™', and (4) Fe- methionine [Fe(Met).] aminochelate at 4 L ha™'.
Fertilizers were applied through irrigation (fertigation). At the end of the growing season, soil samples were
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collected and analyzed for pH, DTPA-extractable Fe, and Fe chemical forms in the solid phase using the
modified Tessier sequential extraction method. The measured Fe fractions included exchangeable (EXC-Fe),
organically bound (ORG-Fe), carbonate-bound (CAR-Fe), Fe/Mn oxide-bound (OX-Fe), and residual (RES-Fe).
Additionally, Fe concentration in sunflower seeds and leaves and also seed Fe uptake were quantified.

Results and Discussion

Application of Fe aminochelates significantly affected Fe dynamics in the soil and improved Fe nutrition of
plants. Both [Fe(Gly).] and [Fe(Met),] treatments resulted in a significant decrease in soil pH compared to the
control and FeSO,, which likely enhanced Fe solubility. The DTPA-extractable, relative to the control, Fe
content increased by 28.5% and 35.2% in [Fe(Gly),] and [Fe(Met),] treatments, respectively. These treatments
also increased seed Fe concentration by 5.1% and 7.5%, and seed Fe uptake by 66.6% and 86.7%, respectively.
The distribution of Fe chemical fractions in the soil followed the order: residual > Fe/Mn oxides > carbonate-
bound > organically bound > exchangeable. Fe aminochelates, especially [Fe(Met),], significantly enhanced the
relative proportion of EXC-Fe and ORG-Fe while decreasing the proportion of CAR-Fe compared to both
control and FeSO,. Furthermore, DTPA-extractable Fe exhibited strong positive correlations with EXC-Fe (r =
0.87**) and ORG-Fe (r = 0.84**) fractions. Among the different forms, EXC-Fe (r = 0.72**) and ORG-Fe (r =
0.69**) showed significant positive correlations with seed Fe concentration, indicating their critical role in Fe
bioavailability and plant uptake. These findings support the hypothesis that [Fe(Met).], due to its greater stability
and chelation strength, improves Fe mobilization and provides a renewable pool of bioavailable Fe in the soil
system. Thus, Fe aminochelates can contribute to improved nutrient acquisition and enhanced crop quality under
Fe-deficient calcareous conditions.

Conclusion

This study confirms the superior efficacy of Fe aminochelates, particularly [Fe(Met):], over conventional
FeSOs in enhancing Fe bioavailability in nutrient-deficient, calcareous soils. The significant shift in Fe fractions
towards more labile pools (EXC-Fe and ORG-Fe) and the strong correlations between these pools and plant Fe
uptake underscore the potential of aminochelates to create a more plant-available Fe reservoir. Therefore, the use
of Fe aminochelates represents a viable and efficient strategy to correct Fe deficiency and improve crop
nutritional quality in calcareous soils, contributing to more sustainable micronutrient management practices.
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Sl ezl b gy cul ) ol gl Juboos 5 4,358
plodl jolaieds .8 )5 g0 (12.1+402, 2023) ase.s RStudio
o > Tukey’s HSD (glals o i 905l 51 opSoke il lio
ul)_m = Oy M wl).ao A5 ealaiwl oy I Jl.opl
3 ol obed cla S L SB odlil LB oyl g olS > oyl
ol 25l sglieds ojiienly (g Sy slade (rizen 5 SB
L SB sals 55 50 olows sla JSb SaS 4 olS ol cdalé
A plodl (12.1+402, 2023) aswws RStudio l3sle 5 51 ealil
as s OriginPRO l5sle 5 5l eolawl Ly 55 La S5 o
b ploal (v.10.2, 2025)

OAT SLacsds gial sbidaddie
il al —atel sl (gl puSlaS oS5 10l jolaios,
(¥ Jsis) ad glwlisem™ Foom¥ers adhaio 3 Lol IR
Sl (g slaplSe (n i) e slauils 2
S @ (C=0)  (-NHy) clals) b ol —aisel sl (clouSlya
aiel ol o (Y Jgdn) el ol e v (C-N) 50 (COO-
o35 Jate ol 56 4 (035555 5 ST i) SIS 53 @900,
g g & ol JoSle Ly (C = 0) ke slaog S
o2l 8 gglo pslome uShaS b (hnd Sigy sizen g 351>
03gd 00 ) gdly Loy jorb (IS jsbds imd oo JeSuts

[Fe (Met),] oyl - cmigaio g [Fe (Gly)s] (] — o M5 S gl <51 (CM™) IR gl ¥ Jgus
Table 3- Selected IR bands (cm™) of [Fe (Gly),] and [Fe (Met),] aminochelates

] v (NH2) v (C=0) vgs (C-O) v (C-N) vs (COO) v (Fe-O)
Aminochelate
0l —pedS 3342.0 1658.5 1525.2 1020.1 1386.4 460.2
[Fe (Gly)]
ol —oigee 3477.3 1629.5 1531.1 1168.5 1344.2 530.1
[Fe (Met),]
o2l SLOW el (g UL (S S529-€ Joua
Table 4- Structural characteristic of iron aminochelates
Y iael JsSgn Jgos F9Nse 339 o33l (20wd dnwlono) urol Cuwy (uaJla) Sk
. Molecular . Found (calculated) (%0) Theoretical (pure) (%)
Aminochelate  Molecular formula ] Yield
weight C H N Fe
o) = ME 0.188 g 22.39 3.91 13.04
C,HgN,O,Fe 213.50 27.1(25.8
[Fe (Gly),] 4HaN204 ©8%) (2250) (3.75) (13.12) (258)
OBl = wgate 0.306 g 34.00 5.73 7.93
CoH20N,0,S,Fe 352.26 15.8 (15.0
[Fe (Met),] 10H20N204S 87%) (3407) (5.68)  (7.95) (150)
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Table 5- ANOVA for the effect of treatments on pH and concentration of soil available Fe

] Sl wo il
.. 3l 4y Vonnconart
i Blo Degree of e Shee
SOV freedoms ~ pH 3l JE o
Available Fe
Bi)fk 2 001" 45x10°"
o 3 0.017" 138"
Treatment
Eurarf)r 6 7.6x10* 3.3x10°°
S G ) 0.36 121
C.V (%)

w . # NS
o pd N Jleis] e 3 (g bze g gyl e pas Cigh T

"™ and *: non-significant and significant at p<0.01, respectively.

7.85
7.80
a
7.75 1
a
7.70 [

y 7.65 - l "

(="
7.60 b
7.55 -
7.50

A\
AR
\ Y

Control Fe-Gly Fe-Met FeSO,
sals T L ol e oal Slily
$29=S sl )losd

Fertilizer treatments
SBPH p bylas Wl il duwlio - IS5

ol (S5 o905l bl g 203 B Jlein] aws 53 5 dme gl pae (Sily Wilen g
Figure 1- 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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Sy Wl e oan] Slallas b «SB )3 BN pabiane (¢ 50510
2 ool (oyiod sy Sho alerdon o alesd il B
LS 5 LSS S ela S el osdle A5 K8 S
Rahman &) aiS e s SB o 1) @lils e ylime 35 J
L s JoB joba S8 j» ol cdMs (Schoenau, 2022
Ly Jsbee T ool a5 asily Ltlssl T claslSy) b oS s
SebaS92,5 Jlobe slog S L 1) Jolwo sla 5509 ,S1e ol
(S ysbay .(Schwertmann & Taylor, 1989) xad o JuSuis
gl s JI SosiS (ot 29000 s SB PH talS
L sl T elopuSlaS St 55 dinl ol cloMS' |y o ]
5 2l (LacS B )3 ohaga olS sl ol gyt I3l 5 ol

.(Molnér et al., 2023;Souri et al., 2018) 34 .o Sl

(Available Fe) suldics Jsl8 ;yal

35l 55U 4 sy lis Waosls wilyly a0 51 Jobs guls
odlaiwl B cal cdale ol Slagw 365 5 al claeMS gl
gl ) Jol 5 (0 Jgics) (P S-1-1) 39 o sine S5
Uil 38) G oyl Calisto wlie 3,8 a8 by L5 laodly uSilee
25 sl e 4 Cuws S ool BB ol cbale s s
Mgzl g (bl —igsto O ol clmlos (¥ JS2)
clale cho)d YAID ¢ YOIY Liol53l comr b pau o0yl = s M5
355 comizned HAS Wld b 4 Cons S5 odlital LB ol
odlizuwl BB ool clale oamd VIV (il cuw 5 op] Oldgu
(Y JS8) b dals jlogy &y Coms S

G S5 PH I SIS Jodoo yo soliel LB ol clale
ool Fe au Fet™ Las o SBpH Lials b () JSs) 8 e
Lindsay ) 35 e s ol (sl (o yiwd BB g 5 gkoxe )3 &
Ulosls oL wlllas .(; Marschner, 2012 & Schwab, 1982

!l J—d u_.bi
Available Fe (mg kg™

b
C
1 d
44 mEm
5
0 T - -

a

Control Fe-Gly Fe-Met FeSO,
wls oo algsy e el clily
8295 sba,led

Fertilizer treatments
SB 2 oaliiw! JB ol Clle o b ylow pil (Sl duanlie Y IS5
ol (S5 o905l bl g 2o p3 B Jlain] aws 53 5 dme gl pae (Sily Wlen Ly
Figure 2- 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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o2l ogte M sl Yo (Sl oolo & Juato pal 350 0
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@Yk ylul (Sal 5 oUE (S )5 ol oS gl
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Ay Cewd I 993 (LS massie 5 S lagys b i)
(Mirbolook et al., 2020;Ghasemi et al., 2012)

o= Ol Olid gcu 0 9-S g (AT SLAEUS gase] by yls i
S sl 5 59 0T (obead gladseds olile
o) b Lo IS5 clale p s log 5 addllas oyl 4o
50 g on] slaseS] &y Joate liy)S 4y o ¢ ol ol
3,5 B oy dy90 Sy wnile 3L g Jl ool 4 Juate
oo JGI o5k ds > s odel Cawd & =l e
Ao zlpeal ey i) eoliiul L S wals I 5 ol cilie
AF/+ LAY/ asg bl ojly o Lis (1979) Tessier et al.
g 365 ¢ ol eI giel ()lilsgS olasla ¢l suo )y
e S spSellul 5 gl gy <o j) (S &S 03 (oo
5 sl Sl U)liS olisl ol Jalofl el )3 ol (e
Sposito ) o) Ken g giwgul o (Tessier et al., 1979) -l Ko
2 e gyl Sigy > gl alujl sy (et al., 1982,
Slis] oo jolaiody Cpiomed (sl 0dd ol aolie (clrodgae
OloSise il crl 3 s Gl (S 0slas by jl elit
Ghoreishi Amiri et ) o )LSen 5 (5ol (s 3 adlllas gulis
ol cilisee sl IS o o olis & o8 oLl (al., 2020
(DTPA L gl sesl Jol8) slial 6 ol o o0 gl sl
oyl Laadly cpl fcusld 399 (o) dme 5 Cute ( Siunod

S sl 5 3 o] il lend SJKD CBIE 5 B lad T il fy 4525 T g
Table 6- ANOVA for the effect of treatments on concentration of different Fe chemical forms in the soil solid phase

Ola o (uibe
- a5 as 4 Mean squares
e gl Se )ree‘cjf Olo,S @ Juio )
S.0.V frege o Dl P& BT & Juaie ST oslo 4y Juate ol 3L
Exchangeable Cagsgzgte- Oxide-bound Organic-bound  Residual
Sok 2 1.0x1073"™ 8.0x103"™ 14.3™ 1.3x1074"™ 11.0™
Block
hesd 3 0.25" 4.75 1.88"™ 0.85" 0.22"™
Treatment
s 3 -3
6 1.2x10 0.03 44.2 4.4x10 2.97
Error
St o - 5.1 4,04 0.3 5.44 0.01
C.V (%)

o3V Jleisl o 53 (gl stae 5 5 b siae pie e T
and ™": non-significant and significant at p<0.01, respectively.

ns

ns
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Table 7- Mean comparisons of the effect of treatments on concentration of different Fe chemical forms (mg kg+) in soil solid

phase
395 s lo o OlpS @ daie Jlosle 4 Juaie
Fertilizer treatment  Exchangeable  Carbonate-bound Organic-bound
aals 0.41° 6.30° 0.76 ¢
Control
oAl mom 0.80° 4.26° 1.33°
[Fe (Gly).]
ol ~oae 1.04° 3.53¢ 1.93°
[Fe (Met),]
oal Wy 0.47°¢ 5.63° 0.86°
FeSO,

(P Se140) canl (S5 g0il olsl s o me gl pae Sl wilen g
The same letters indicate non-significant difference according to Tukey's test (p <0.05).
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Figure 3- Distribution diagram of the different Fe chemical forms in soil solid phase
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Table 8- ANOVA for the effect of treatments on leaf and seed Fe concentration, and seed Fe uptake

1 Slapo (5o
S 2o g° / 4"’: Mean squares
egree 0 =
S.0Vv freedoms S ol &l ol A ol ods
Leaf Fe Seed Fe Seed Fe uptake
sk 2 0.72" 3.37" 63.36™
Block
e 3 28.09™ 10.66" 3057.62"™
Treatment
s 6 2.38 1.27 17.99
Error
b 0.42 3.58 422
C.V (%)
# % NS

J.w): 0 9) Jlosnl e 55 (60 gize «(g o gizme pie By g
non-significant, significant at p<0.01 and p<0.05, respectively.

ns **
1

and ™:

380

3

378
376
374 1
372
370
368
366
364
362
3547
3524
350
348
346
344
342 1

P

ol

l_I_\

3,.3 uhi

Leaf Fe (mg kg)

T
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aals onl-

a
Fe-Gly Fe-Met FeSO,
iy WS Oni— OPg——sio O_ni oy
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Figure 4- 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 5- 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 6- 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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1- Ferric Chelate Reductase
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Table 9- Pearson correlation coefficients between plant Fe concentration and soil available Fe concentration with Fe chemical
forms in soil solid phase (p <0.05)
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Table 10- Results of multiple regression analysis between plant Fe concentration and uptake with Fe chemical forms in the
soil solid phase
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