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Abstract

Foliar application could improve grain iron (Fe) concentration (GFeC) by following 4Rs, i.e., the right Fe compound with
right concentration sprayed at the right growth stage with right number of sprays. We studied the Fe mobilisation towards
grain and its use efficiency using chelated-Fe and nano-Fe compounds in rice. Various Fe formulations [Fe-citrate, Fe-EDTA,
FePO,, nano-Fe oxide, and humic acid with FeCl; (HA + Fe)] were evaluated for their effect on growth, yield, and Fe mobi-
lisation in rice. Single spray was done at tillering (set 1), anthesis (set 2), and grain-filling (set 3) stages, or sprayed twice at
anthesis and grain-filling (set 4) and thrice at all stages (set 5). In all sets, shoot Fe at harvest (SFey;) correlated significantly
with grain yield whereas SFey; and GFeC were negatively correlated, indicating that higher Fe in foliage promotes growth
but would not necessarily increase grain Fe. A significant correlation between GFe uptake (GFeU) with Fe mobilisation
efficiency index revealed that Fe mobilisation from shoot rather than root was the primary contributor to GFeU. Among Fe
compounds, HA + Fe application enhanced grain yield and GFeU (> 70%) relative to control in all sets whereas nano-Fe
(4 mM) resulted in highest GFeC in sets 4 and 5. Improved yield and Fe mobilisation from shoot towards grain was obtained
with a single spray of HA + Fe either at anthesis or grain-filling stage. Thus, foliar Fe regimen has potential to enhance grain
mineral quality and alleviate Fe deficiency that have implications for human health.
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Introduction (Prom-u-thai et al. 2020). Rice (Oryza sativa L.) is an ideal

target for Fe biofortification because Fe-deficiency anae-

Iron (Fe) is essential for human health and its inadequate
intake is the main cause of global Fe deficiency in humans
(Wei et al. 2012; Camaschella 2019; Bindraban et al. 2020).
The presence of antinutrient factor such as phytic acid that
complexes with Fe, limits Fe absorption in the human body
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mia is a predominant problem in the developing nations
where rice is consumed as a staple food (Masuda et al.
2013). Moreover, the Fe concentration in rice grain is very
low (8-30 ppm) (Prom-u-thai et al. 2020) which is due to
restricted uptake by roots or translocation to grains or both.
Fe deficiency in the soil is mainly due to high soil pH and a
lack of moisture resulting in available Fe to change from fer-
rous (Fe?*, soluble or preferred form of Fe by plants) to fer-
ric (Fe**, insoluble Fe) form, thereby restricting its absorp-
tion by roots (Sharma et al. 2019a; Shukla et al. 2021).
Three key approaches such as conventional breeding,
agronomic, and genetic engineering have been proposed and
applied to improve Fe status of crops. However, the yield
factor, genotype-environment interactions, and the lack of
genetic diversity in modern cultivars are the key bottle-
necks in breeding programmes, whereas consumer prefer-
ences and environmental safety are the main concerns with
genetically modified crops (Wei et al. 2012). In contrast, the
agronomic approach which involves applying nutrients to
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soil or directly to the foliage, is a straightforward solution
for improving Fe concentration in the rice grain (Niyigaba
et al. 2019). Agronomic biofortification is a quick, safe, and
economical approach to increase the nutrient concentration,
especially Fe and Zn, in our diet. Unlike genetic engineer-
ing/breeding approaches, agronomic biofortification can be
easily done by farmers on existing high-yielding genotypes
without compromising yield, and hence the product is read-
ily acceptable by the consumers (Chaudhary et al. 2022). It
has been hypothesised that rice adopts a combined strategy
to absorb Fe from the soil that combines all of the features
of Strategy II plants with some of the characteristics of
Strategy I plants (Ricachenevsky and Sperotto 2014). Most
of the cultivated rice is well adapted to lowland conditions
and the capacity to absorb Fe>™ would have developed in
rice as an adaptation to flooded paddies. However, due to
high fresh water consumption (>70% irrigated freshwater),
aerobic or upland rice cultivation is an alternative to flooded
anaerobic paddy, the former practice being at higher risks
of Fe deficiency (Lampayan et al. 2013). Moreover, reduced
soil moisture causes oxidation of available Fe which in turn,
decreases its solubility and bioavailability to plants roots,
thereby reducing grain Fe concentration and yield (Kumar
et al. 2017). Due to the rapid conversion of soil applied Fe
into insoluble Fe(IIl) form, foliar application of Fe fertilis-
ers may be a preferable strategy for upland rice to overcome
this Fe deficiency.

Foliar application of Fe is considered as a short-term
tool for rice biofortification, and its efficacy is influenced
by environmental factors (humidity, light, temperature, and
wind), plant's physiological traits (age, expansion, and sur-
face area of leaves, waxiness, and source/sink status), and
physicochemical properties of spray solutions (concentra-
tion, electric charge, solubility, and pH) (Fernandez and
Ebert 2005; Pandey et al. 2013; Malhotra et al. 2020; Hong
et al. 2021). A good foliar fertilisation takes into account not
only the effective diffusion of Fe into the foliage, but also
its mobilisation towards the edible parts. Various chelated
and organic forms of Fe compounds such as Fe-citrate, fer-
rous sulphate, Fe-DTPA (diethylene triamine penta-acetic
acid), and Fe-EDTA (ethylene diamine tetra acetic acid),
have been used as foliar application (Fernandez et al. 2009)
but their response to Fe symptomatic plants were contradic-
tory. According to Fernandez and Eichert (2009), Fe-che-
lated forms were more readily translocated within the plant
than the inorganic salts, while a few other studies showed
enhanced penetration and leaf-greening with inorganic Fe
salts over Fe-chelates (El-Jendoubi et al. 2014; Rios et al.
2016; Sharma et al. 2019a). In the recent past, foliar spray of
humic acid has shown encouraging results on plant growth
by improving nutrient uptake, hormone activity, enhanced
antioxidant scavenging capacity and photosynthesis (Piz-
zeghello et al. 2013; Sharma et al. 2019a) besides being
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environmentally safe (Delfine et al. 2005). Likewise, foliar
application of nano-Fe-fertilisers, considered as a novel
technology, have improved plant growth and yield of many
crop species (Bakhtiari et al. 2015; Wang et al. 2016). The
Fe nano-oxide is much smaller than conventional Fe-oxide,
so it enters the plant cells by binding with carrier proteins
through ion channels or aquaporins (Bastani et al. 2018).
In addition to selection of Fe compound, plant growth
stage is one of the key factors which determines the uptake
effectiveness and mobilisation of Fe towards grain. Accord-
ing to Fageria et al. (2009), the transitioning phase from
vegetative to the reproductive is the most critical phase for
foliar application. The number of foliar sprays may also have
an impact on the amount of Fe accumulated in the grains.
Single or multiple foliar sprays of Fe at various develop-
mental stages improved growth and yield in several crops
(Erdal et al. 2004; Armin et al. 2014, Jalali et al. 2017).
Once the Fe is absorbed by the foliage, its intra-cellular
translocation depends to a great extent on phloem transport
by forming complex with nicotianamine (NA); however, Fe
re-distribution via phloem was found to be extremely poor
(Thomine and Vert 2013). The concentration of the endog-
enous chelate, NA, is likely the limiting factor for loading
of Fe into the phloem (Takahashi et al. 2003). In several
crops, foliar application increased the Fe concentration in
leaf, stem, and grain (Erdal et al. 2004; Moosavi and Ron-
aghi 2011; Armin et al. 2014; Sharma et al. 2019a, b), but
very little information is available on its accumulation in the
roots. Based on previous reports, we hypothesised that the
foliar Fe application would result in an increased Fe concen-
tration in grains only if the right Fe compound is sprayed at
specific growth stage(s) of plants with optimised concentra-
tion. We expected that foliar application would also influ-
ence the root Fe uptake and minimise the requirement of soil
Fe application. By applying Fe directly onto the foliage, the
Fe source-to-sink translocation distance from root to grain
would reduce relative to the foliage to grain distance.

Materials and Methods
Plant Material and Growth Conditions

A pot experiment was conducted under the natural environ-
ment conditions in the pot culture at ICAR-Indian Agricul-
ture Research Institute, New Delhi, India located between
latitude 28°38"23"N, longitude: 77°09'27"E; 228.61 m above
mean sea level. The weather conditions during crop growth
period such as temperature and rainfall, is presented in the
Suppl. Fig. 1. The aerobic rice variety MAS 946-1, devel-
oped by the University of Agricultural Sciences in Banga-
lore, India, was selected for this study. Soil (0-30 cm) was
collected from the experimental field of the institute. Before
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filling the pots with 15 kg of soil, air-dried soil was passed
through a 5 mm sieve and a sub-sample was analysed for
nutrients (N, P, K, Fe, and Zn) and physicochemical prop-
erties (Suppl. Table 1). The recommended dose of NPK
(120:60:40 kg ha™!) was applied to each pot at the rate of
900 mg pot™! of N (50% as basal dose, 25% at tillering and
25% at anthesis), 450 mg P,05 pot~! and 300 mg K,O pot™~!

The seedlings were raised in nursery in mid-June followed
by transplanting of 21-day-old plants in pots containing pud-
dled soil. Initially, five seedlings were transplanted in the
plastic pot (30 cm diameter, 28 cm height) and later two
healthy plants were retained. Plants were irrigated as and
when required with tap water.

Source of Fe Compounds Used as Foliar Treatments

Fe-citrate (Sigma 3522-50-7), Fe-EDTA (Sigma 149022-26-
4), Fe-phosphate (Sigma 13463-10-0), humic acid (Sigma
1415-93-6), ferric chloride (Sigma 7705-08-0), nano-
ferric oxide (Sigma 1309-37-1), and triton X100 (Sigma
9036-19-5).

Foliar Treatments and Sampling at Different Growth
Stages

To determine the optimal concentration of different Fe
compounds, a preliminary experiment was conducted in
the glasshouse of National Phytotron Facility, ICAR-Indian
Agriculture Research Institute New Delhi. The detailed
methodology and results of the preliminary experiment are
mentioned in the Supplementary text. Briefly, two concen-
trations (2 and 4 mM) of different Fe compounds, i.e., Fe-
Citrate, Fe-EDTA, Fe-phosphate, and two different doses of
humic acid (25 mg L™! and 50 mg L") with 2 mM of FeCl,
were used as foliar fertiliser. Spray with deionized water
was used as a control. All Fe formulations were applied at
the maximum tillering and anthesis stages in rice. Based on
their effects on yield attributes such as grain yield plant™",
test weight, number of productive tillers plant~! and % filled
grains and Fe concentration of shoot and grain, Fe formula-
tions and their suitable concentrations were selected for the
main experiment (Suppl. Fig. 2 and 3).

The Fe formulations and their optimum concentrations
selected for main experiment included Fe-citrate 2 and 4 mM
(Fe-Cit-2 and Fe-Cit-4), Fe-EDTA 2 mM (Fe-EDTA-2), Fe-
phosphate 4 mM (FeP-4), humic acid 25 mgL ™" with ferric
chloride 2 mM (HA + Fe), nano-powder of ferric oxide 2
and 4 mM (nano-Fe-2 and nano-Fe-4). The nano-Fe was
included after the preliminary study; therefore, we consid-
ered both concentrations. The spray solutions were prepared
for each Fe compound using distilled water and added 100 pl
L~! of Triton X100 as surfactant. The final pH of spray solu-
tions was adjusted to 6.0 using 1N KOH/HCI. Before spray,

the plants were divided into five sets with equal number of
pots (40 pots per set). Each set differed in terms of the num-
ber of sprays applied at different growth stages (Fig. 1). The
set 1, set 2 and set 3 plants received single spray at tiller-
ing, anthesis, and grain filling stages, respectively. The set 4
plants were sprayed twice at anthesis and grain-filling stages
while set 5 plants were sprayed thrice (at all stages). Before
spraying, the base of each plant was covered with polythene
to avoid dripping of excess solution from the foliage into the
soil. The plants were sprayed with Fe solution in the fore-
noon and samples of different parts like shoot (leaf + stem),
root, and grain were collected on the 6th day after spray. In
set 1 and set 5, sampling was done at all three growth stages,
while in set 2 and set 4, samples were collected at anthesis
and grain filling stages. In set 3, samples were collected only
at grain filling stage.

Observations

Aboveground samples were harvested by cutting the plants
at collar region. Roots were extracted from pots by washing
the soil with a jet of water followed by proper cleaning to
remove adhered soil particles. Root and shoot samples were
dried in a hot air oven at 65 °C to a constant weight to obtain
dry weight (g plant™!). At maturity, total grain yield per
plant and test-weight (1000-seed weight) were recorded. For
Fe quantification in root and shoot, tissues were thoroughly
rinsed with double-distilled water to remove any surface
adhered Fe. The paddy was dehusked and Fe concentration
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Fig. 1 Pictorial representation of foliar spraying schedule at different
growth stages in rice. The plants of set 1, set 2 and set 3 received
single spray at tillering, anthesis and grain filling stages, respectively
while set 4 plants were sprayed twice and set 5 plants were sprayed at
all three growth stages
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in grains (unpolished rice) was estimated. All samples were
digested using a di-acid mixture (Nitric acid: Perchloric
acid; 9:4) following standard protocol. Fe (%) estimation
was carried out using inductively coupled plasma—optical
emission spectrometer (5110 ICP-OES, Agilent). The instru-
ment was calibrated using ICP-OES wavelength calibration
solution (Agilent 6610030100), and the Fe analysis was
performed in axial viewing mode. The certified reference
material (Agilent 5190-8472, 1000 ppm in 5% HNO; as
matrix) was used and the recovery was found to be 97.4 to
103.8%. The Fe uptake was calculated by multiplying the Fe
concentration with dry weight of the respective plant part
and expressed as mg plant™!. Other traits such as Fe use effi-
ciency (FeUE), Fe harvest index (FeHI), and Fe mobilisation
efficiency index (FeMEI) were computed using the formulae
(Shivay et al. 2010; Zulfiqar et al. 2021).

Fe use efficiency(FeUE)
Total grain yield

~ Total above ground Fe uptake at harvest

Fe harvest index (FeHI)
Total Fe uptake by grain

~ Total above ground Fe uptake at harvest

Fe mobilisation efficiency index (FeMEI)
_ Fe concentration in grain (mg/kg)

" Fe concentration in straw (mg/kg)

Statistical Analysis

The experiment was laid out in a completely randomised
design with two factors, foliar treatments and growth stages,
and five replicates for each treatment. The procedure for
basic statistical analysis and ANOVA were carried out in
a MS-DOS-based statistical software package AGRES ver.
3.01 (Pascal Intl Software Solution 1994). To quantify the
association between traits, Pearson’s correlation coeffi-
cient and linear regression were calculated using MS-Excel
2016. Graphs were made using GraphPad Prism version 6.0
(GraphPad Software, La Jolla, CA).

Results

Influence of Foliar Fe Application on Biomass
Production

The above-ground biomass (AGB) production at different
growth stages, viz., tillering (AGBy), anthesis (AGB,),
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grain filling (AGB;), and harvest (AGBy;) was signifi-
cantly (P <0.05) influenced by foliar application of differ-
ent Fe compounds in all sets (Fig. 2a, Suppl. Table 2, 3).
In set 1, more than 25% increase in AGB was recorded
with all Fe compounds except Fe-EDTA-2, FeP-4, and
nano-Fe-4, as compared to control (Suppl. Table 3). Fur-
ther, nano-Fe-2 resulted in maximum production of AGB,
(52%), more than 46% by Fe-Cit at 2 and 4 mM at AGB
while at harvest (AGBp), 63% increase in biomass was
recorded with Fe-Cit-4 application, as compared to con-
trol. In set 2 plants, single foliar application at anthesis
stage showed more than 40% increase in AGB, by nano-
Fe-2, HA + Fe, and FeP-4. However, FeP-4 resulted in
more than double biomass production followed by Fe-
Cit-2 and HA + Fe which was consistent in AGBg; and
AGBy in set 2. In set 3 with single foliar application at
grain filling stage, HA + Fe caused maximum biomass at
AGB; (83%) and AGBy (78%), compared to control. In
set 4, foliar application of Fe-Cit-2 and HA + Fe resulted
in consistently higher biomass at AGB,, AGBg;, and
AGBy,. In set 5 with 3 foliar sprays, significant increase in
biomass production was observed, but it was not consist-
ent throughout the stages with any specific Fe compound.
However, nano-Fe-2 resulted in more than 50% increase
in biomass production at all stages. Among the various Fe
compounds used, the final AGB; was consistently higher
by more than 70% due to foliar application of HA + Fe,
as compared to control in all sets, except set 1. Among
various sets, a maximum of two foliar applications at
anthesis and grain filling (set 4) in rice resulted in maxi-
mum AGBy, whereas foliar spray at tillering stage (set 1)
showed least increase in total biomass (Fig. 2a).

The root biomass produced at different growth stages,
viz., tillering (RBry), anthesis (RB,), grain filling (RBy),
and harvest (RBy;) was significantly (P <0.05) influenced
by foliar application of different Fe compounds in all sets
(Fig. 2b, Suppl. Table 2, 4). In set 1, no significant difference
was found in root biomass due to foliar treatments except for
HA +Fe and nano-Fe-2, which increased RB; and RB, by
more than 25 and 15%, respectively in comparison to con-
trol. In addition, nano-Fe-4 resulted in maximum accumula-
tion of RB; (44%) and RBy; (27%) as compared to control.
In set 2 plants, more than 29% increase in RB, was recorded
by nano-Fe-2 and Fe-EDTA-2. but a significant reduction
(> 15%) was recorded in RB; and RBy; by all Fe treatments
except nano-Fe-2 and nano-Fe-4. In the set 3, both RBg;
and RBy; decreased, as compared to control in all Fe treat-
ments except Fe-Cit-4 and HA +Fe. Similarly, in set 4, RB;
and RBy; decreased significantly in all Fe treatments except
HA +Fe, which enhanced RB; and RBy; by more than 40%
as compared to control. In set 5, most of the Fe treatments
increased RBy and RB, with a few exceptions (Fe-Cit-4 and
nano-Fe-4), while RB; and RBy; declined significantly in
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Fig. 2 Influence of foliar
application of Fe compounds on
a aboveground shoot biomass

at harvest, b root biomass at
harvest, and cgrain yield. Rice
plants were grown in pots

under natural environmental
conditions. Data correspond to
mean=+ SEm (n=35). The plants
of set 1, set 2, and set 3 received
single spray at tillering, anthesis
and grain filling stages, respec-

tively while set 4 plants were
sprayed twice (anthesis and
grain filling stages) and set 5
were sprayed at all three stages
of growth. Data analysis was
carried using one way ANOVA
separately for each set and least
significant difference calcu-
lated. Mean with same letter
are not significantly difference
at P <0.05. Values on bars
represents mean of different
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all Fe treatments, indicating that root biomass decreased
with the increase in the number of Fe foliar sprays (Fig. 2b;
Suppl. table 4).

Influence of Foliar Fe Application on Grain Yield

The grain yield in rice was significantly (P <0.05) influenced
by Fe formulations and number of foliar sprays, whereas the
test weight was significantly influenced by Fe formulations
while number of foliar sprays showed no significant effect
(Suppl. Table 2). Among Fe formulations, more than 50%
increase in grain yield was recorded with HA + Fe and FeP-
4, as compared to control in the set 1 (Fig. 2c). In set 2, Fe-
Cit at both concentrations of 2 and 4 mM resulted in more
than 90% grain increase, whereas FeP-4 and HA + Fe also
resulted in more than 70% higher grain yield, in compari-
son to control. In set 3, grain yield increase was more than
double with FeP-4 and HA + Fe application, while in set 4
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and set 5, only HA + Fe resulted in highest (80%) yield, as
compared to other Fe formulations. The interaction between
Fe treatments and stage of foliar application was highly sig-
nificant (P < 0.05) which showed maximum increase in grain
yield in set 2 (spray at anthesis stage) and set 3 (spray at
grain filling stage).

Influence of Foliar Fe Application on Above-
and Below- Ground Fe Accumulation

The total aboveground Fe uptake (AGFeU) (including
shoot and grain) at different growth stages viz., tillering
(AGFeUy), anthesis (AGFeU,), grain filling (AGFeUy), and
harvest (AGFeUy,) were significantly (P <0.001) influenced
by Fe formulation and number of foliar sprays (Table 1,
Suppl. Table 4). In set 1 plants with single spray at tillering,
maximum increase in AGFeU was recorded by nano-Fe-2
(67%), while FeP-4 and Fe-Cit-4 also resulted in more than
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Table 1 Effect of foliar treatments of different Fe compounds, applied at different growth stage, on Fe uptake at different growth stages of rice
plants grown in pots under natural environmental conditions with foliar application of different Fe compounds

Spray stage(s) Treatments AGFeUt AGFeU, AGFeUg; AGFeUy GFeU SFeUy FeHI FeUE FeMEI

Set 1 Control 0.29 1.11 1.57 1.85 0.16 1.69 8.79 8.84 0.29
Fe-Cit 2 0.39 1.44 2.33 2.96 0.22 2.73 7.83 7.01 0.30
Fe-Cit 4 0.43 1.32 2.18 3.23 0.29 2.94 8.85 7.16 0.35
Fe-EDTA 2 0.32 1.48 1.93 2.61 0.24 2.37 9.29 791 0.33
FeP 4 0.44 1.66 2.04 2.66 0.29 2.37 10.9 9.17 0.35
HA +Fe 0.40 1.46 1.95 2.89 0.31 2.25 11.01 9.54 0.31
Nano Fe 2 0.48 1.91 2.29 2.84 0.25 2.6 8.96 7.90 0.29
Nano Fe 4 0.41 1.37 1.79 2.29 0.19 2.10 8.58 7.23 0.29
LSD (5%) 0.07 0.31 0.38 0.48 0.03 0.48 2.20 1.78 0.06
df=7 otk ook stk otk otk Hok NS * NS
Set 2 Control - 1.11 1.56 1.85 0.16 1.69 8.79 8.84 0.29
Fe-Cit 2 - 1.61 3.10 4.16 0.35 3.81 8.33 7.68 0.25
Fe-Cit 4 - 1.49 2.53 3.28 0.39 2.89 11.89 9.67 0.31
Fe-EDTA 2 - 1.77 2.45 3.07 0.24 2.82 7.96 6.23 0.34
FeP 4 - 1.89 3.77 4.56 0.33 4.22 7.32 6.23 0.28
HA +Fe - 1.70 2.59 3.68 0.40 3.28 11.26 8.14 0.39
Nano Fe 2 - 2.29 2.60 3.40 0.23 3.17 6.83 5.94 0.24
Nano Fe 4 - 1.55 2.54 3.23 0.25 2.98 7.93 6.44 0.27
LSD (5%) - 0.33 0.72 0.58 0.05 0.59 2.44 1.96 0.08
df=7 ok Hofsk EEES EEES ok Hok ok *
Set 3 Control - - 1.56 1.85 0.16 1.69 8.79 8.84 0.29
Fe-Cit 2 - - 2.29 2.87 0.28 2.58 9.95 9.65 0.28
Fe-Cit 4 - - 243 2.89 0.25 2.63 8.76 7.41 0.29
Fe-EDTA 2 - - 1.96 2.30 0.27 2.03 11.76 8.95 0.42
FeP 4 - - 223 2.95 0.29 2.68 9.92 11.21 0.31
HA +Fe - - 2.60 3.33 0.30 341 13.61 10.19 0.44
Nano Fe 2 - - 2.52 3.19 0.27 292 8.34 7.06 0.28
Nano Fe 4 - - 2.36 3.08 0.23 2.86 7.56 6.78 0.24
LSD (5%) - - 0.51 0.44 0.44 0.43 2.16 1.67 0.06
Set 4 Control - 1.11 1.56 1.85 0.16 1.69 8.79 8.84 0.29
Fe-Cit 2 - 1.61 3.46 4.78 0.30 4.48 6.37 5.50 0.26
Fe-Cit 4 - 1.49 3.16 4.01 0.27 3.74 6.71 4.63 0.34
Fe-EDTA 2 - 1.76 3.01 4.03 0.26 3.77 6.50 491 0.29
FeP 4 - 1.89 3.64 4.29 0.26 4.03 6.10 4.96 0.26
HA +Fe - 1.70 3.43 4.44 0.42 4.02 9.55 6.70 0.34
Nano Fe 2 - 2.29 2.95 3.96 0.33 3.62 8.51 5.75 0.30
Nano Fe 4 - 1.55 3.72 4.47 0.34 4.12 7.71 4.81 0.36
LSD (5%) - 0.34 0.56 0.80 0.05 0.80 1.87 1.48 0.06
df=7 EEES otk EEES EEES EEES ok EEES ok
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Table 1 (continued)

Spray stage(s) Treatments AGFeUy AGFeU, AGFeUg; AGFeUy GFeU SFeUy FeHI FeUE FeMEI

Set 5 Control 0.29 1.11 1.56 1.85 0.16 1.69 8.79 8.84 0.29
Fe-Cit 2 0.39 1.70 3.79 4.36 0.34 4.02 7.96 6.67 0.26
Fe-Cit 4 0.43 1.89 3.46 4.90 0.31 4.59 6.39 4.02 0.29
Fe-EDTA 2 0.32 2.10 3.30 4.21 0.39 3.38 9.31 6.46 0.26
FeP 4 0.44 2.03 4.55 4.82 0.38 3.59 8.33 497 0.24
HA +Fe 0.40 77 3.42 4.66 0.37 3.20 10.20 6.47 0.31
Nano Fe 2 0.48 2.36 3.57 4.59 0.28 4.30 6.21 4.14 0.26
Nano Fe 4 0.41 2.04 3.70 4.54 0.40 4.13 8.72 5.22 0.26
LSD (5%) 0.07 0.37 0.85 0.79 0.06 0.79 1.99 1.43 0.06
df=7 sk sk sk sk sk otk sk otk NS

The set 1, set 2 and set 3 single spray at tillering, anthesis, and grain filling stages, respectively, set 4 twice at anthesis and grain-filling stages,

and set 5 plants were sprayed thrice at all stages

AGFeU, above ground Fe uptake at tillering (mg plant™), AGFeU, above ground Fe uptake at anthesis (mg plant™), AGFeUg, above ground Fe
uptake at grain filling (mg plant™'), GFeU grain Fe uptake (mg plant™'), FeHI Fe harvest index, FeUE Fe use efficiency, FeMEI Fe mobilization

efficiency index, and df degree of freedom

NS denote non-significant

*, #% and *** denote significant at 0.05, 0.01, and 0.001 probability levels respectively

50% increase, as compared to the control (Table 1). The
Fe AGFeU, was significantly higher with nano-Fe-2 (71%),
while at AGFeUg;, more than 45% increase was recorded
with Fe-Cit-2 and nano-Fe-2, as compared to the control.
However, at harvest (AGFeUy), Fe-Cit-4 resulted in maxi-
mum Fe uptake but at the same time, Fe-Cit-2, HA + Fe,
and nano-Fe-2 also resulted in more than 50% increase in Fe
accumulation in shoot, as compared to the control.

In set 2 with single foliar spray at anthesis stage, nano-
Fe-2 resulted in more than double increase in Fe accumula-
tion in the biomass (AGFeU, ) followed by FeP-4 (71%), as
compared to the control (Table 1). However, at both grain
filling (AGFeUg;) and harvest (AGFeUy) stages, FeP-4
resulted in more than 140% higher Fe accumulation in the
aboveground biomass in comparison to control. In addition
to FeP-4, Fe-Cit-2 (98%) at AGFeq; and AGFey (124%)
also resulted in maximum Fe uptake. In set 3, with single
foliar application at grain filling stage, increase in Fe uptake
was noted with HA + Fe and nano-Fe-2 at both AGFe; and
AGFey, as compared to other Fe compounds.

In set 4 with foliar application at anthesis and grain
filling, maximum Fe uptake was noted with nano-Fe-2 at
AGFe, (Table 1). However, more than double Fe uptake
was recorded at AGFeg; and AGFey; with all Fe compounds
except with nano-Fe-2 and Fe-EDTA-2 at AGFe;. In set
5, with three foliar applications, the aboveground biomass
accumulated maximum Fe with nano-Fe-2 at AGFe; and
AGFe, in comparison to the control. But at AGFeg; and
AGFey, all Fe compounds exhibited more than double the

amount of Fe uptake. This implies that a greater number
of Fe sprays, particularly at grain filling stage, resulted in
higher Fe retention in the shoot biomass which is not parti-
tioned towards the grain.

The shoot Fe uptake at harvest (SFeUy) (excluding grain
Fe uptake) varied significantly (P <0.001) as a function
of Fe formulations and the different treatment sets (Suppl.
Table 2). Among the foliar treatments, both concentrations
of Fe-Cit showed maximum SFeUy, in set 1 plants, as com-
pared to the control (Table 1). In set 2 plants, SFeUy; was
more than double with Fe-Cit-2 and FeP-4, while in set 3,
HA +Fe application resulted in highest level of Fe. However,
in set 4 and 5, with foliar Fe application more than once,
SFeUy, increased up to 1.7-folds, except with HA + Fe in set
5 which was 89% higher, in comparison to the control. The
minimum increase in SFeUy was recorded in set 1 while set
5 with three foliar sprays at different growth stages resulted
in maximum increase in SFeUy,.

The root Fe uptake (RFeU) was significantly (P <0.05)
influenced by the number of foliar applications and various
Fe formulation, while root Fe concentration (RFeC) was
significant only at anthesis (RFeC,) and harvest (RFeCy)
stages (Suppl. Tables 2, 4). In set 1, Fe accumulation in roots
increased with the application of nano-Fe-2, HA + Fe, and
Fe-EDTA-2, as compared to control, which was consistent at
tillering (RFeUy), anthesis (RFeU,), grain filling (RFeUgy),
and harvest (RFeUy) stages (Suppl. Table 4). In set 2,
only nano-Fe-2 showed increased root Fe uptake whereas
HA + Fe and nano-Fe-4 exhibited significant reduction in
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RFeU,, RFeUg;, and RFeUy stages. However, in set 3 with
single spray at grain filling, significant reduction was noted
in RFey with all Fe compounds except Fe-Cit-4. In set 4
and set 5, with two and three foliar sprays respectively, Fe
accumulation in root was reduced with HA + Fe and nano-
Fe-4 throughout the growth stages as compared to control.
Lower Fe accumulation in roots at grain filling or harvest
stage signifies relatively higher transportation of Fe to shoot
or towards grain. In set 2, set 3, and set 4, there a was signifi-
cant reduction in Fe accumulation in the roots even when Fe
was applied on the foliage. It was also evident from the root
Fe concentration which was significantly reduced at harvest
stage in these sets with almost all Fe compounds (Suppl.
Table 4).

Influence of Foliar Fe Application on Grain Fe
Accumulation

The primary focus of this study was to enhance the total Fe
content in the grain by foliar application with various Fe
compounds as a function of different growth stages. The Fe
compounds and number of sprays significantly (P <0.001)
influenced total grain Fe content as well as Fe concentra-
tion (Suppl. Table 2). In set 1, maximum Fe accumulation
in grain (GFeU) was recorded with HA + Fe (93%), while
Fe-Cit-4 and FeP-4 also enhanced GFe by more than 75%,
as compared to the control (Table 1). In set 2, GFeU was
enhanced by HA + Fe, Fe-Cit-4, Fe-Cit-2, and FeP-4 by 146,
140, 113 and 104 %, respectively, as compared to the control.
However, in set 3, with single spray at grain filling, HA 4+ Fe
resulted in 88% increase in GFeU, whereas other FeP-4 and
Fe-Cit-2 also resulted in>75% higher GFeU, as compared
to the control. In set 4 with two foliar applications, HA + Fe
enhanced 1.5-fold increase in GFeU while nano-Fe also led
to double the GFeU. In set 5 with three foliar sprays, all Fe
compounds resulted in more than double accumulation of
Fe in the grains per plant, except for Fe-Cit-4.

The Fe concentration in shoot tissue at harvest (SFeCp)
increased in set 2, set 4, and set 5. In grain, Fe concentra-
tion (GFeC) increased by >35% in set 2 and 3 with HA + Fe
whereas in set 4 and 5, nano-Fe-4 resulted in higher grain Fe
concentration. Among various Fe compounds, HA + Fe was
found to enhance the total GFeU consistently throughout the
sets. Among the sets, foliar spray at all three growth stages
(set 5) viz., tillering, anthesis, and grain filling, showed max-
imum GFeU while least was recorded in set 1. There was
no significant difference in GFeU in set 2, 3, and 4 plants.

Influence of Foliar Fe Application on Fe Indices
and Their Relationship with Grain Fe Uptake

The Fe harvest index (FeHI) and Fe use efficiency (FeUE)
were significantly (P <0.001) influenced by Fe compounds
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and number of foliar sprays in different sets (Suppl.
Table 2). Among the Fe compounds, foliar application of
HA + Fe showed a consistently higher FeHI than control
in all sets (Table 1). Application of HA + Fe resulted in
54% increase in FeHI in set 3, followed by 28% increase
in set 2, whereas the least response was noted in set 4
with two sprays. With the exception of Fe-EDTA, the Fe
formulations resulted in significant reduction in FeHI,
as compared to the control; the effect was prominent in
set 4 and 5. The FeUE described as the amount of grain
produced per unit of Fe uptake, decreased significantly
with almost all Fe compounds, except FeP and HA + Fe
in set 3 which showed significant increase, as compared to
the control (Table 1). The percent reduction in FeUE was
higher in set 4 and set 5, indicating that a greater number
of Fe sprays does not increase grain yield, but rather only
increases the Fe content in shoot. This was also evident
from the linear regression obtained between grain yield
and FeUE which exhibited a significant relationship in set
1 (R>=0.18; P <0.05), set 2 (R*=0.17; P <0.05), and set
3 (R*=0.48; P <0.05) while it was non-significant in set
4 and set 5 (Fig. 3a—e).

The Fe mobilisation efficiency index (FeMEI), which
represents the Fe mobilized from shoot to the grain dur-
ing their developmental stage, was significantly (P <0.001)
influenced by Fe formulations and number of sprays (Suppl.
Table 2). Among Fe formulation, the foliar application of
HA + Fe showed significant increase in FeMEI, which was
consistent in all sets, with highest FeMEI in set 2 (38%)
and set 3 (52%) (Table 1). Besides HA + Fe, foliar Fe-
EDTA-2 application also showed significantly enhanced
FeMEIl in set 1, set 2, and set 3. In set 5, all Fe formulations
significantly increase in GFe content (>90%) but FeMEI
was significantly decrease in all treatments except Fe-Cit-4
and HA +Fe, as compared to the control (Fig. 4, Table 1).
Moreover, the linear regression of FeMEI with GFe content
showed a significant positive relationship in all sets (set 1,
P<0.001; set2, P<0.05; set 3 and 4, P <0.01) except set 5
(P=0.406) (Fig. 4a—e).

The relationship between SFeUy and grain yield studied
by linear regression showed a significant association in all
sets (set 1 R2=0.20; P<0.01, set 2 R*=0.29; P <0.001,
set 3 R*=0.18; P<0.01, set 4 R*=0.23; P<0.01, and set
5 R>=0.14; P <0.05) suggesting that an adequate amount
of Fe in shoot enhanced overall plant growth leading to
increased grain yield in rice (Fig. Sa—e). Further, a signifi-
cant positive correlation between SFeUy and GFeC was
observed in set 1 (R*=0.16; P<0.05), set 4 (R*=0.20;
P<0.01), and set 5 (R*=0.30; P<0.01), whereas in other
two sets, positive but non-significant association was
observed (Fig. 5a—e). The Pearson’s correlation analy-
sis revealed that grain yield and GFeU had no significant
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yield of rice plants with foliar application of different Fe compounds.
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(FeMEI) versus grain Fe uptake. Rice plants were grown under natu-
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compounds. The plants of a set 1, b set 2, and ¢ set 3 received single

association with RFeU at any growth stage in all five sets
(Suppl. Table 5).

Discussion

The foliar application of various Fe fertilisers at different
growth stages of rice plants had a considerable impact on the
above ground biomass accumulation, grain yield, and grain
Fe concentration. The effect of HA 4 Fe on plant growth
was significant, resulting in enhanced above ground biomass
and grain yield in all sets in comparison to other Fe com-
pounds (Fig. 2a, c, Suppl. Table 3). Previous reports found
that foliar application of Fe alone or with other nutrients
significantly increased leaf area and shoot biomass in wheat
(Triticum aestivum) (Abu-Dahi et al. 2009; Farhan and Al-
Dulaemi 2011; Bameri et al. 2012) and peach (Prunus per-
sica) (Fernandez et al. 2008). Being a co-factor of several
enzyme complex, Fe is an essential element for photosynthe-
sis and its deficiency reduces photosynthetic rate as well as
alter the chloroplast structure (Eberhard et al. 2008). In our
earlier study, we found that HA + Fe improved overall plant
growth and enhanced yield and seed Fe concentration in
soybean (Sharma et al. 2019a). Similarly, the foliar applica-
tion of HA has shown encouraging effects on plant growth
and yield in crops such as tomato (Solanum lycopersicum)
(Adani et al. 1998), gerbera (Nikbakht et al. 2008), wheat
(Katkat et al. 2009), and ryegrass (Lolium Perenne) Maibodi
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spray at tillering, anthesis and grain filling stages, respectively while
d set 4 plants were sprayed twice (anthesis and grain filling stages)
and e set 5 were sprayed at all three stages of growth

et al. 2015). This response might be due to the fact that
foliar HA increases membrane permeability and solubility
of several nutrients by forming a complex or chelating form
with the nutrient (Lobartini et al. 1997; Katkat et al. 2009).
Faster Fe translocation via xylem, more evenly Fe distribu-
tion in plants, and enhanced Fe partitioning into the juvenile
leaves during subsequent growth stages might have contrib-
uted towards higher biomass accumulation in response to
foliar application of Fe with HA.

The Fe compounds, plant growth stage and number of
sprays significantly influenced grain yield and Fe uptake in
aboveground biomass in rice (Table 1). Results showed that
grain yield and FeUE were positively correlated in sets 1,
2, and 3 with single spray at different growth stages, but
the correlation was not significant in sets 4 and 5 indicating
that additional Fe supply (two or more foliar spray) might
improve GFeC but not grain yield (Fig. 3a—e). Similarly,
the plants in set 2 (sprayed at anthesis stage) and 3 (sprayed
at grain filling stage) showed maximum increase in grain
yield, whereas set 5 plants exhibited maximum increase in
GFeC and GFeU. Previous reports have also suggested that
the number and timing of foliar sprays impact plant growth
and yield in different crops. Multiple foliar sprays (more
than two) of Fe fertilisers at various developmental stages
improved overall growth and yield in Strawberry (Frage-
ria vesca) (Erdal et al. 2004) and maize (Jalali et al. 2017),
whereas two foliar sprays in wheat (Armin et al. 2014) and
soybean (Sharma et al. 2023) was sufficient for improving
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growth and grain yield. A few studies reported that single
foliar application of Fe compound also increased growth
and yield of rice (Zhang et al. 2009), wheat and soybean
(Sharma et al. 2019a), and tobacco (Bastani et al. 2018).
We found a significant positive correlation between
SFeUy and grain yield in all sets while the relationship
between SFeUy and GFeU was dependent on the growth
stage at which foliar application was done as well as the
number of sprays being significant in sets 1, 4, and 5 (Fig. 5).
In all sets, grain yield and GFeU showed no significant
association with RFeU at any growth stage, suggesting that
GFe content in upland rice was predominantly driven by Fe
mobilisation from shoot rather than roots (Suppl. Table 4).
However, this needs further validation with other rice varie-
ties as there may be genotypic variation. The Fe concentra-
tion in grains revealed a wide range of outcomes for each
Fe compound, depending on the number and stage of foliar
spray. The highest grain Fe concentration was recorded when
two or more sprays of nano-Fe-4 were administered to the
same plants (sets 4 and 5) (Suppl. Table 3). However, results
also showed that a greater concentration of Fe in the foliage
would not necessarily result in higher grain Fe concentration
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Fig.6 Influence of foliar application of Fe compounds on grain Fe
content (percent increase compared to control) and Fe mobilization
efficiency index (FeMEI). The plants of set 1, set 2, and set 3 received
single spray at tillering, anthesis and grain filling stages, respectively
while set 4 plants were sprayed twice (anthesis and grain filling

because foliar applied Fe were mostly retained in the foliage
in majority of the treatments. Bastani et al. (2018) compared
the absorption and distribution of foliar nano-Fe and bulk
Fe complex in tobacco plants. They found that most of the
bulk Fe complex were retained in the foliage, while nano Fe
showed better mobility in the xylem and phloem. Accord-
ing to Ghafari and Razmjoo (2013), nano-Fe sprayed wheat
plants exhibited highest grain Fe concentration, as compared
to other Fe fertilisers such as Fe sulphate and Fe chelates.
Similarly, higher Fe content in the seeds of cowpea (Vigna
unguiculata) (Afshar et al. 2012), soybean (Sheykhbaglou
et al. 2010), and peanuts (Arachis hypogea) (Liu et al. 2005)
was observed following application of nano Fe spray, which
is in agreement with our findings.

The single spray of Fe with HA at anthesis (set 2) or
grain filling (set 3) improved grain Fe content as compared
to other treatments. Furthermore, except in set 1, the applica-
tion of HA with Fe demonstrated not only maximum grain
Fe accumulation but also highest Fe mobilisation efficiency
index (FeMEI) in all sets (Fig. 6a—e). In addition to increas-
ing membrane permeability, which stimulates ion absorption
(Katkat et al. 2009; Daneshvar et al. 2015), foliar application

o Shoot Fe content harvest Vs Grain-weight

A Shoot Fe content harvest Vs Grain Fe

concentration
(d)60 - Set4 r 20

= N
T 501 a L6 ~
5 40 A sl o
E A lilagm  t12
= 30 k o o o ;
S 5 | &/Q,W F8 L
g ° °"® 4 S
£ 10 A r 5]
©
O 0 T T 0

0.0 2.0 4.0 6.0

Shoot Fe Harvest (mg plant™)
(e) 60 A Set 5 - 20

% 50 - AA M L =
é AL 16

4 (=2
o240 A AA Al LA F12 2
£ 30 A o
£30 2 aB PR
g 20 - o B8 s
< o 4 ©O
© 10 |
0]

0 T T 0
0.0 2.0 4.0 6.0

Shoot Fe Harvest (mg plant™)

stages) and set 5 were sprayed at all three stages of growth. Data anal-
ysis was carried using one way ANOVA separately for each set and
least significant difference calculated. Mean with same letter are not
significantly difference at P <0.05 (the lower case letter represents
grain Fe content and upper case letter represents FeMEI)
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of HA had a substantial influence on root nutrient uptake
(Adani et al. 1998; Sharif et al. 2002). The positive effect
of HA foliar spray on soil absorption of many macro- and
micronutrients have been reported earlier (Fernindez-Esco-
bar et al. 1996; Bidegain et al. 2000; Katkat et al. 2009). We
have also reported enhanced activities of antioxidant scav-
enging enzymes and reduced lipid peroxidation in HA + Fe
treated soybean plants leading to positive effect on growth,
nutrient uptake and mobilisation (Sharma et al. 2019a;
2023). Application of various Fe compounds at different
developmental stages resulted in a significant reduction in
root Fe (RFe) content, more so when Fe was applied more
than two times (Suppl. Table 4). Though little information
is available on the effect of foliar Fe application on root
Fe content but according to Singh and Bhatt (2013), foliar
application of Zn enhanced absorption of NPK by roots with
no significant effect on root Zn content. The positive influ-
ence of foliar spray of HA with or without other nutrients
have been reported in other studies (Bidegain et al. 2000;
Nikbakht et al. 2008; Katkat et al. 2009; Daneshvar et al.
2015). According to earlier studies, the foliar spray of HA
also improved nitrogen absorption in tomato, maize, and
rye grass (Adani et al. 1998; Sharif et al. 2002; Daneshvar
et al. 2015). Our finding is accordance with these studies
confirming that HA along with Fe is an ideal foliar fertilizer
for improving plant growth and Fe status in grains.

Conclusions

The present study demonstrated that foliar application of Fe
improved plant growth, Fe use efficiency, Fe remobilisation,
and grain Fe biofortification in rice plants; nevertheless,
variations were apparent among different Fe compounds,
application stage, and number of sprays. We found that the
overall Fe status of aboveground part was enhanced due to
Fe spray. However, higher shoot Fe concentration does not
guarantee an increase in grain Fe concentration, as the latter
is dependent on many other factors such as the number of
sprays, type of Fe compound, and the growth stage of plant
at the time of foliar application. In rice, foliar application of
various Fe formulations showed a considerable effect on root
Fe absorption; with more number of Fe sprays on foliage, the
root Fe uptake was reduced. Further, root Fe content had no
meaningful relationship with grain Fe indicating that GFe
content was predominantly driven by Fe mobilisation from
the shoot rather than root. The foliar application of nano-
Fe at anthesis and grain-filling stages could improve grain
nutritional quality by increasing Fe concentration, whereas
foliar application of HA + Fe at anthesis or grain-filling stage
improved grain quality, plant growth, and yield by increas-
ing FeMEI and uptake of other nutrients. Thus, our findings
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indicate that foliar agronomic biofortification is an important
strategy for sustainable and productive agriculture; however,
impact of foliar nutrition depends on efficient absorption
of nutrient by foliage, its partitioning, and metabolization.
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