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Abstract Foliar fertilization for biofortification is a tar-
geted, economic and environment friendly approach rather
than soil fertilization. In this study, we identified the
appropriate growth stage(s) and right foliar iron (Fe) for-
mulation in enhancing growth and Fe biofortification in
soybean. In addition, we studied the physiological mech-
anism adopted by plants to endure foliar supplied Fe. For
this purpose, a field experiment was conducted to evaluate
various organic and inorganic Fe formulations such as Fe-
citrate, FePO,, humic acid (HA) + Fe, HA alone and
nano-Fe along with control (deionized water) in soybean
(Glycine max var. DS-2614). Plants were sprayed at flow-
ering (Set ), pod filling (Set II) and at both stages (Set III).
Biomass and leaf area were significantly enhanced with
application of Fe-citrate and FePO, followed by HA + Fe.
The yield traits (pod number, seed yield, test weight) sig-
nificantly increased with HA + Fe and nano-Fe
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application. Enhanced Fe accumulation in seed was
observed with HA + Fe followed by Fe-citrate and nano-
Fe treatment. Foliar application of Fe at pod filling stage
improved growth whereas yield and Fe fortification
improved in Set III. This response may be attributed to
enhanced activities of antioxidant scavenging enzymes and
reduced lipid peroxidation in leaves treated with HA + Fe
followed by FePO,. Results suggest foliar application of
HA + Fe (organic Fe) and nano-Fe to be promising for
soybean in improving growth and seed Fe content.

Keywords Antioxidant scavenging system -
Biofortification - Iron foliar fertilization - Humic acid -
Nano-Fe - Soybean

Introduction

Soybean (Glycine max (L.) Merr.) is a leading oilseed as
well as pulse crop with high nutritional and economic
value. It is a major source of edible vegetable oil and high-
protein feed supplement for humans and livestock. Iron
(Fe) deficiency is a major yield-limiting factor for soybean
production particularly in alkaline soil. Although Fe is
abundant in earth’s crust but the uptake by roots is limited
due to its low solubility and chemical instability. Increas-
ing yield and Fe concentration in edible parts of crop plants
is a necessity to meet the demands of rising population and
to improve Fe deficiency-induced anaemia in people. One
of the approaches for fortifying Fe in crop plants is ‘Foliar
feeding’ which is targeted, cost-effective and environment
friendly and thus, a sustainable agronomic approach to
increase grain Fe concentration. Efficient foliar fertilization
takes into account not only the successful penetration of Fe
through the leaf, but also its translocation to the edible part.
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Various inorganic and chelated forms of Fe fertilizers viz.
ferrous sulphate (FeSQO,), Fe-EDTA (ethylene diamine
tetra acetic acid), Fe-DTPA (diethylene triamine penta
acetic acid), Fe-EDDHA (ethylenediamine-N, N'-bis (2-
hydroxyphenyl acetic acid) and Fe-citrate have been used
for foliar application (Fernandez et al. 2009). The con-
centration and physico-chemical properties of sprayed ion
as well as physiological factors of the plant including
growth stage, leaf age and metabolic processes determine
the efficacy of foliar fertilization (Fernandez and Ebert
2005).

The range of applied foliar Fe in different crops varies
from 1.0 to 29.0 mM (Fernandez and Ebert 2005). Plants at
anthesis or grain filling stages are more tolerant to higher
concentration of foliar fertilizers compared to early growth
stage (tillering) (Fageria et al. 2009). The most critical time
to apply foliar fertilizer is when a plant is in transition
phase, that is, from vegetative to reproductive phase.
Efficiency of foliar application also depends upon the
mobility of nutrients as relatively immobile nutrients show
positive results only in the targeted tissue sprayed with
nutrient (Fageria et al. 2009). Fe is relatively immobile in
tomato (Lycopersicon esculentum), cucumber (Cucumis
sativus) and navy bean (Phaseolus vulgaris) but shows
high mobility in wheat (Triticum aestivum) and muskmelon
(Cucumis melo) during reproductive stage (Guzman et al.
1990; Garnett and Graham 2005). The growth stage of crop
and number of sprays may differentially influence the
accumulation of Fe in seeds. Rice (Oryza sativa) showed
improved growth with single Fe spray at anthesis (Zhang
et al. 2009), wheat responded well after two sprays, that is,
at tillering and stem elongation (Armin et al. 2014) while
strawberry (Frageria vesca) performed best when foliar
application was repeated at different growth stages (Erdal
et al. 2004). With regard to Fe concentration, a lower dose
(1%) of FeSO, was found to be more effective in
improving plant Fe content than the higher dose (2%)
(Moosavi and Ronaghi 2011). However, a few studies
reported no increase in yield and biomass with Fe appli-
cation but it increased grain Fe concentration (Zhang et al.
2010).

In recent years, humic acid (HA) has gained importance
as an effective organic substance for improving plant
growth. HA influences growth by improving processes like
nutrient uptake, maintenance of membrane stability,
enhancement of photosynthesis by improved photosystem
IT activity and hormonal activity (Chen and Aviad 1990;
Katkat et al. 2009; Pizzeghello et al. 2013). With the
advancement of nano-technology, the use of nano fertiliz-
ers has also been proposed for improving plant nutrition
(Dimkpa and Bindraban 2016). Due to large surface area of
nano-materials, they can be efficiently absorbed by the
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plants. Nano-Fe fertilizers are considered as a potential
foliar spray to enhance growth and yield of crops by
improving photosynthesis and activating the antioxidant
defense system of the plant (Wang et al. 2016; Shokri-
Gharelo and Ghader 2017).

Fe is essential for many metabolic processes in plants
while its deficiency as well as toxicity affects plant growth
by influencing plant’s antioxidative system. Fe plays triple
role during oxidative stress; first, it facilitates the decom-
position of lipid peroxidation; second, it is involved in
generation of reactive oxygen species (ROS) and third, it
acts as a constituent of various antioxidative enzymes
(Halliwell and Gutteridge 1986; Becana et al. 1998). The
excess concentration of Fe generates oxidative stress by an
increase in the steady state concentration of ROS within the
plant cell (Halliwell and Gutteridge 1986). These ROS
include superoxide anion radical (O3 ), hydrogen peroxide
(H,0,), hydroxyl radical (OH) and singlet oxygen (102)
which are produced during Fe toxicity (Choudhury et al.
2017). The increased oxidative stress due to Fe toxicity
reduced photosynthesis and yield in soybean, canola
(Brassica napus) and tobacco (Nicotiana tabacum) (Sinha
et al. 1997). To overcome the damaging effect of these
ROS, plant cells are equipped with enzymatic and non-
enzymatic mechanisms. The detoxifying enzymes include
superoxide dismutase (SOD), peroxidases like ascorbate
(APOX) and guaiacol peroxidase (GPOX), glutathione
reductase (GR) and catalase (CAT) while ascorbate is most
important non-enzymatic substance that helps in detoxifi-
cation of ROS. Excess Fe application to foliage at improper
growth stage might cause Fe toxicity leading to oxidative
stress in plants. Thus, the balance between free radical
generation and free radical defense determines the survival
of the system.

From literature survey, it was found that only a few
studies have investigated whether foliar penetrated Fe
could translocate to edible parts under Fe non-deficient
conditions, and a very few have studied the physiological
basis for such responses. Therefore, we hypothesised that
foliar Fe application under non-deficient condition will
improve translocation to grains. In the present study, we
investigated the effect of various foliar Fe formulation in
soybean at flowering (R2) and pod filling (R5) and at both
R2 and RS stages. The main objectives of the study were
(1) to identify the best combination of growth stage and
foliar formulation which might result in maximum
translocation of Fe to seed along with improved yield under
non-deficient Fe conditions, and (2) to study the plants’
response in terms of detoxification mechanism when sup-
plied with external Fe.
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Materials and methods
Plant materials and growth conditions

Soybean plants (var. DS 2614) were raised in soil under
natural conditions at ICAR-Indian Agricultural Research
Institute, New Delhi. Seeds were soaked overnight in
deionized water and were inoculated with Bradyrhizobium
Jjaponicum before sowing. Recommended dose of 20 kg N,
60 kg P,O5 and 40 kg K,O ha! was added to soil as urea,
single super phosphate and muriate of potash, respectively.
Plants were irrigated with normal tap water as and when
required. The soil properties were as follows: pH
(soil:water::1:5) 8.44, electrical conductivity 0.29 mS m™",
soil texture sandy loam with clay 12.3%, silt 22.5% and
sand 63.2%. The available P (Olsen 1954) in soil was
measured to be 26.8 kg P,Os5 ha™! (high) and Fe was
4.8 mg kg~ soil (medium).

Foliar Fe treatment

The experiment was divided into three sets having equal
number of plots (net area 2.0 m> per plot) and each Set
differed in timing of foliar application. The Set I and Set II
plants received single foliar spray at flowering (R2, plants
beginning to full bloom and flowers at most nodes, 50 days
after sowing) and pod filling (RS, beginning of seed setting,
75 days after sowing) stages, respectively while Set III
plants were sprayed twice at R2 and RS5. Fe compounds
used for foliar application included Fe-citrate (Sigma
F3388) (4.0 mM), Fe-phosphate (Sigma 436011)
(2.0 mM), humic acid (Sigma 53680) (HA, 50 mg), humic
acid (25 mg) with FeCl; (Sigma 7705-08-0) (2.0 mM)
(HA + Fe), nano-Fe (Sigma 544884) (4.0 mM) and
deionized water as control. In a preliminary experiment,
low (2.0 mM) and high (4.0 mM) concentration of each
compound was used for foliar application and on the basis
of physiological response and yield (data not presented),
the above-specified concentrations were selected for this
experiment. The spray formulations were prepared by
dissolving required amount of chemical and adding 100 pL
of surfactant (Triton x 100) in 1.0 L of solution. The pH
of spray formulation was set at 6.0 using HCl or KOH.
Care was taken to avoid any dripping of excess solution
into the soil during spraying on plants by covering the soil
surface with polythene which was removed the next day.

Physiological traits
In all three Sets, the observation on biomass, leaf area and

chlorophyll were recorded on 6th day after foliar spray.
Plants were harvested to measure total green leaf area using

leaf area meter (Model LICOR-3000). Chlorophyll con-
centration was measured by non-maceration method (His-
cox and Israelstam 1979) and expressed as mg per g leaf
fresh weight. Total shoot biomass was recorded by drying
the samples in a hot-air oven at 65 °C until a constant
weight was obtained and expressed as g per plant.

Tissue Fe concentration

The Fe concentration was estimated in leaf, stem and seed.
The leaf and stem were thoroughly rinsed with distilled
water to remove any adhered Fe applied as foliar spray.
Estimation of Fe was done by wet digestion with diacid
(HNO3:HCI1O,) mixture. The digested sample was used for
Fe analysis by atomic absorption spectrometer (ECIL,
India). Fe uptake or accumulation was calculated by mul-
tiplying the respective tissue Fe concentration with their
dry weight and expressed as mg or pg per plant.

Oxidative stress markers

To estimate the oxidative stress, fully expanded young
leaves were collected after 3rd day of foliar application
from each Set. For estimation of O  production, its
capacity to reduce nitroblue tetrazolium (NBT) and form-
ing blue colour formazones was measured (Chaitanya and
Naithani 1994). Estimation of H,O, was done by measur-
ing the intensity of light yellow coloured titanium-hydro-
peroxide complex with titanium reagent at 415 nm (Rao
et al. 1997). Ascorbic acid estimation was carried out by
measuring absorbance of pink coloured complex at 530 nm
formed due to the reduction of dinitrophenyl hydrazine by
ascorbic acid to phenyl hydrazone in acidic medium
(Mukherjee and Choudhari 1983). Lipid peroxidation was
estimated by measuring the concentration of thiobarbituric
acid reactive substances (TBARS) and expressed as
equivalents of malondialdehyde (MDA) (Heath and Packer
1968). MDA content was calculated according to extinc-
tion coefficient € = 155 mM~' cm™' by subtracting from
the non-specific values (absorption at 600 nm) from the
specific values (absorption at 532 nm).

Antioxidative enzyme assay

For enzyme assay, fully expanded leaves collected after 3rd
day of foliar application from each Set was used. Extrac-
tion of antioxidant enzymes (SOD, CAT, APOX, GPOX
and GR) was carried out with 0.1 M phosphate buffer, pH
7.5, containing 0.5 mM EDTA and 1 mM ascorbic acid
was added in case of APOX. SOD activity was estimated
by recording the decrease in absorbance of formazone at
560 nm produced by O3  and nitroblue tetrazolium dye
(Dhindsa et al. 1981). For CAT activity, the reduction of
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H,0, to water and molecular oxygen catalyzed by CAT
was measured as a decrease in absorbance at 240 nm at an
interval of 30 s for 1 min (Aebi 1984). The GPOX activity
was measured as an increase in absorbance due to the
oxidation of guaiacol to tetra-guaiacol (Castillo et al.
1984). GR was assayed by addition of NADPH and oxi-
dized glutathione and measuring the decreased in absor-
bance at 340 nm (Anderson et al. 1990). APOX activity
assay was based on the decrease in absorbance of ascorbic
acid at 290 nm due to oxidation of ascorbic to mono-de-
hydroascorbic acid and dehydroascorbic acid (Nakano and
Asada 1981).

Yield traits

At maturity (R8), the yield traits viz. number of pods per
plant, seeds per pod, test weight (100-seed weight) and
total seed yield per plant were recorded.

Statistical analysis

Experiments were laid out as randomized block design
with two factors, growth stages and foliar treatments, and
six replications of each treatment. Experiments were
repeated twice over time and data were pooled for calcu-
lation of mean. Data were subjected to one-way analysis of
variance (ANOVA). Differences between treatments were
detected by Tukey’s test at P < 0.05 level of significance
using SAS. Graphs were plotted in Graph Pad Prism ver-
sion 6.00 (GraphPad Software, La Jolla, CA) and MS
Excel.

Results and discussion

Effect of foliar Fe application at different stages
on growth and yield traits

Plants receiving foliar spray at flowering stage (Set I)
showed significant (P < 0.05) increase in leaf area and
chlorophyll concentration as compared to control (Fig. 1b,
¢), but no significant effect on shoot biomass was obtained
(Fig. 1a). Maximum increase in leaf area was recorded
with foliar application of Fe-citrate and FePO, (2.1 fold).
Foliar application of FePO, also resulted in increased total
chlorophyll concentration. The yield traits, pod weight and
pod number per plant, total seed weight per plant and test
weight, improved significantly due to foliar Fe application
at flowering stage as compared to the control, except for
nano-Fe (Fig. 3). Among treatments, the maximum
increase in pod weight (95%), total seed weight (78%) and
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test weight (31%) were recorded with HA (Fig. 2b—d).
However, maximum pod number obtained with Fe-citrate
was statistically at par with HA (Fig. 2a). Except for test
weight, all other yield traits exhibited significant reduction
due to application of nano-Fe at flowering stage as com-
pared to control suggesting that nano-Fe at 4.0 mM in
soybean may be too high concentration for plants to
detoxify Fe at cellular level. This result corroborates with
Jalali et al. (2017) who applied 100 ppm of Fe-nano par-
ticles on maize and the seeds of second generation were
again given the same treatment. The second progeny plants
showed reduced biomass, lower contents of chlorophyll
and protein as well as lower H,O, scavenging capacity
with higher amount of total Fe content.

Foliar application of various Fe formulations at pod
filling stage (Set II) in soybean had no significant effect on
biomass (Fig. 1a). However, a significant increase in leaf
area was observed with foliar treatments of FePO, (82%),
Fe-citrate (81%) and HA + Fe (52%) as compared to
control (Fig. 1b). A small increase was noted in leaf
chlorophyll concentration with all foliar treatments, except
HA which showed a reduction over control (Fig. 1c). The
yield traits were also significantly affected by foliar applied
Fe formulations at pod filling stage (Fig. 3). Compared to
control, higher pod number and pod weight per plant were
obtained in FePO, and HA + Fe sprayed plants. The total
seed weight was negatively affected with application of Fe-
citrate, HA and nano-Fe while the test weight increased
with for these treatments, by 43% with FePO,, and
remained unchanged with nano-Fe. Plants receiving foliar
spray twice (at R2 and RS5; Set III) showed significant
effect of treatments on shoot biomass and leaf area
(Fig. 1a, b). Maximum biomass and leaf area were recor-
ded with FePOy4 (63%, 82%), followed by HA + Fe (40%
for shoot biomass) and Fe-citrate (81% for leaf area).
Similarly, Fe formulation significantly affected leaf
chlorophyll concentration (Fig. 1c). Spraying twice sig-
nificantly improved yield traits (Fig. 2a—d). Application of
HA + Fe recorded maximum pod number, pod weight and
total seed weight per plant which was > twofold but the
test weight increased only by 14%. However, the test
weight increased with HA (47%) and nano-Fe (44%) as
compared to control.

Comparing the effect of Fe formulation at various
stages, it was observed that Fe could improve growth and
yield in soybean. The increase in leaf area and chlorophyll
concentration was highest in Set I while increases in shoot
biomass and yield traits were highest in Set III. This sug-
gests that foliar Fe-induced improvement in physiological
traits by spraying only at one stage may not be sufficient to
improve growth and yield. Seed yield rather than growth
may be considered more important for selecting the timing
of Fe application. As lowest yield traits were recorded in
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Fig. 1 Influence of foliar application of Fe compounds in soybean at
flowering (Set I), pod filling (Set II) and both stages (Set III) on
growth and Fe uptake. a Total shoot biomass, b total leaf area, ¢ total
chlorophyll concentration. Data correspond to mean = SEm (n = 5).
Data analysis was carried out using one-way ANOVA separately for
each stage and calculated least significant difference. Mean with same
letter are not significantly different at P < 0.05

Set II, this may not be the appropriate stage for foliar Fe
supplement. Foliar Fe spray at flowering stage might have
enhanced the number of flowers, thus resulting in higher
number of pods per plant. Repeating the spray at pod filling
stage might have a positive effect on the seed development
thus, increasing the test weight leading to increased seed
weight per plant.

Effect of foliar Fe application at different stages
on Fe partitioning

Fe content or uptake in leaf and stem was significantly
(P < 0.05) increased by foliar application at flowering
stage (Fig. 2a, b). Highest Fe content in leaf (2.2 fold) and
stem (1.6 fold) was obtained with HA + Fe treatment as
compared to control. Foliar application of various Fe
compounds at flowering stage showed significant effect on
Fe concentration and uptake in seeds (Fig. 2c, d). Seed Fe
concentration was maximum with nano-Fe and Fe-citrate
treatment. The total Fe content in seeds per plant was
significantly higher with application of HA (94%) and Fe-
citrate (67%) which might be due to increased seed yield
obtained with these treatments. Thus, Set I treatment sug-
gests that Fe was absorbed by leaves and was mobilized
through stem to seeds. At pod filling stage, Fe treatments
significantly enhanced leaf Fe content, maximum being
observed with FePO,, HA and Fe-citrate treatments
(Fig. 2a). However, increased Fe was accumulated in stem
with HA + Fe (2.1 fold) and nano-Fe (2.4 fold) treatments.
Moreover, the Fe application at pod filling stage also
showed significant influence on Fe concentration in seed
with 5-20% increase. The total Fe uptake in seed increased
significantly by 42% and 40% with HA + Fe and FePO,,
respectively in Set II. Thus, Set II showed comparable
results with Set I though less apparent evidence for high
impact on concentration and content of Fe in seed.

Foliar Fe applied at two growth stages significantly
influenced Fe accumulation in different plant organs.
Application of FePO, increased Fe accumulation in leaf by
2.6-fold while in stem it was increased by 2.2-fold. The Set
III resulted in significant increase in concentration and total
Fe content in seed for all treatments except HA. Seed Fe
concentration was maximum (36%) with Fe-citrate while
HA + Fe treatment also resulted in 16% increase in
comparison to control. Conversely, total Fe uptake in seed
increased by > twofolds by Fe-citrate, nano-Fe and
HA + Fe, with the latter showing maximal increase (2.8
fold). Thus, Set III suggests an additive effect of sprays in
both stages but it was not apparent in all the treatments.
This additive effect was most prominent in nano-Fe, less so
with HA-Fe and FePO, in that order, while Fe-citrate and
HA revealed an aberrant trend.

In the present study, the Fe concentration in seed and
total Fe accumulation was maximal when foliar application
was done twice on the same plant (Set III). Similar increase
in seed yield as well as seed Fe content was reported after
foliar Fe application in common bean but the stage of
application was not mentioned (Sida-Arreola et al. 2015).
In another study on wheat, foliar application of Fe at three
stages (early heading, 10 days after flowering and milky
ripe stage) had positive effect on grain Fe concentration
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Fig. 2 Influence of foliar application of Fe compounds in soybean at
flowering (Set I), pod filling (Set II) and both stages (Set III) on
growth and Fe uptake. a Leaf Fe content, b stem Fe content, ¢ seed Fe
concentration and d seed Fe content. Data correspond to mean £

though the yield remained unaffected (Zhang et al. 2010).
However, these studies partially confirm our findings as we
observed that foliar application at both flowering and pod
filling stages improved yield and Fe fortification in soybean
seeds. Further, we found increased accumulation of Fe in
leaf and stem in all treatments as compared to control
which was maximum with HA + Fe application. Increased
Fe accumulation in foliage have been reported in wheat
(Katkat et al. 2009), perennial ryegrass (Maibodi et al.
2015), tomato (Adani et al. 1998) and gerbera (Gerbera
jamesonii) (Nikbakht et al. 2008). The higher Fe accumu-
lation in leaf with HA might be due to the fact HA
improves membrane permeability leading to ion uptake
(Katkat et al. 2009). Among treatments, Fe-citrate and
nano-Fe resulted in increased Fe concentration in seeds.
About 38% increase in wheat grain Fe concentration was
reported with foliar application of 2.0 g L™ nano-Fe oxide
(Razmjoo and Ghafari 2015). This might be attributed to
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smaller size of nano-Fe particles that help in efficient
absorption of Fe on plant surface (Shokri-Gharelo and
Ghader 2017). However, the total Fe uptake in seed was
maximum with HA 4 Fe treatment but not significantly
different from nano-Fe, which was due to higher seed yield
obtained in both. Interestingly, foliar application of HA
resulted in better yield in Set I, but twice spray might have
caused toxicity due to higher concentration at 50 mg as
against 25 mg of HA along with Fe. This is also evident
from increased MDA levels (Supplementary Fig. 3a) as
discussed below resulting in membrane damage by higher
concentration of HA sprayed twice in Set III. Response of
plants to foliar application of HA was found to be dose as
well as species dependent with lower dose having benefi-
cial effects over higher doses on growth and yield traits
(Adani et al. 1998; Nikbakht et al. 2008; Maibodi et al.
2015).
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Fig. 3 Influence of various Fe formulations applied as foliar spray at
different stages on yield attributes in soybean grown in soil. a Pod
number, b pod weight, ¢ total seed weight, d 100 seed weight. Data
correspond to means £ SEm (n = 5). Data analysis was carried out

Effect of foliar Fe application at different stages
on antioxidant scavenging system

Foliar application of various Fe compounds at flowering
stage significantly (P < 0.05 and 0.01) affected the
oxidative stress markers, including MDA, O;" and H,0,
(Supplementary Fig. la—d). Among Fe treatments, FePO,
resulted in marked reduction in MDA while nano-Fe
showed highest MDA levels in comparison to control. The
production of O3 " decreased significantly with all foliar Fe
treatment except nano-Fe. In contrast, H,O, content
increased in all Fe treatments except nano-Fe. The ascor-
bate content significantly increased with nano-Fe applica-
tion as compared to control suggesting that the plants were
exposed to oxidative stress. Ascorbate in reduced form is
involved in non-enzymatic scavenging of ROS generated
during stress. Synthesis and recycling of ascorbate is cru-
cial via dehydroascorbate and mono-dehydroascorbate
reductases for ROS scavenging (Conklin and Barth 2004).
The results of detoxification system revealed that foliar

using one-way ANOVA separately for each stage and calculated least
significant difference. Mean with same letter are not significantly
different at P < 0.05. F flowering, PF pod filling, F + PF flower-
ing + pod filling

application of Fe at flowering stage significantly affected
the activities of enzyme involved in ROS scavenging in
soybean leaves (Supplementary Fig. le-i). Activity of
SOD and CAT increased significantly with Fe-citrate and
HA while SOD was reduced with nano-Fe treatment. The
CAT activity increased by more than 45% for Fe-citrate
and HA sprayed plants. Activity of GPOX and APOX
increased with all Fe treatments, except nano-Fe. The
GPOX activity increased more than twofold with all foliar
treatments and the highest was obtained with HA while
APOX activity was maximum with FePO, treatment. The
GR activity also increased by 3.2 folds with HA while
nano-Fe resulted in significant reduction as compared to
control.

Foliar application of Fe at pod filling stage significantly
affected the oxidative stress markers in soybean leaves
(Supplementary Fig. 2a—d). In HA and nano-Fe treatments,
MDA production was almost doubled while it was signif-
icantly lower in HA + Fe as compared to control. There
was twofold reduction in accumulation of O5 in FePOy4

@ Springer



126

Plant Physiol. Rep. (January—March 2019) 24(1):119-128

treated plants while with nano-Fe treatment it was similar
to control. However, the amount of H,O, increased sig-
nificantly with all foliar treatments with maximum noted in
FePO, and HA + Fe treated plants. Ascorbate content also
increased with HA while FePO, and Fe-citrate treated
plants showed lower ascorbate values than control. Sig-
nificant variation in the activities of antioxidative enzymes
was obtained due to foliar treatments (Supplementary
Fig. 2e, 1). Highest SOD and CAT activities were observed
with FePO, as compared to control while HA 4 Fe also
resulted in maximum CAT activity. The activity of GPOX
increased significantly by 2.1-3.8 folds with all formula-
tions being highest in HA + Fe while the APOX activity
increased with HA + Fe and Fe-citrate in comparison to
control. Plants sprayed with HA and nano-Fe failed to
show any increase in CAT, SOD and APOX activities. In
addition to this, foliar application of HA at pod filling stage
reduced GR activity but other treatments showed a sig-
nificant increase in GR activity.

Foliar-Fe fertilization at both flowering and pod filling
stages significantly influenced the production of oxidative
stress markers (Supplementary Fig. 3a—d). MDA content in
leaves was reduced by all treatments except nano-Fe and
HA in comparison to control. Similar to Set I and Set II,
nano-Fe application resulted in increased MDA content.
Production of O5° content in Fe-citrate and HA + Fe
treated plants was significantly reduced while other foliar
treatments had no significant difference. This was sup-
ported by 90% increased production of H,O, in plants
sprayed with HA + Fe indicating efficient scavenging of
O;". Also, plants sprayed with FePO, and Fe-citrate
showed increased production of H,O,. Significant differ-
ence was observed in the activity of enzymes involved in
scavenging ROS due to repeated foliar application on
soybean plants (Supplementary Fig. 3e—i). A significant
increase in activity of SOD, CAT, GPOX, APOX and GR
was recorded in foliar treatments FePO,4, HA + Fe and Fe-
citrate as compared to control. Application of HA + Fe
resulted in increased activity of SOD, CAT, GPOX, APOX
and GR as compared to control. Similarly, application of
FePO, and Fe-citrate also exhibited markedly higher
activity of these enzymes. It was observed that high con-
centration (4 mM) of nano-Fe exposed the plants to
oxidative stress.

MDA is considered as a marker for evaluating mem-
brane damage and loss of membrane permeability under
toxic or deficient conditions (Agarwal et al. 2010). In this
study, MDA production was consistently and significantly
reduced in all Sets sprayed with HA + Fe whereas nano-Fe
showed maximal MDA concentration as compared to other
treatments as well as control. There may be possibility that
nano-particles could be physically damaging the lipid
membranes (Chen and Bothun 2014). In Brassica napus
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exposed to drought stress, application of HA resulted in
reduced production of MDA indicating less stress which
was attributed to increased activity of APOX and POD,
thereby maintaining higher chlorophyll a and total
chlorophyll concentration (Lotfi et al. 2015). Likewise, Fe-
citrate resulted in significantly lower values of MDA in Set
I and Set III. This suggested that external Fe supplied via
foliar route either did not induce lipid peroxidation or the
detoxification system was successfully induced in plants to
prevent the damage caused by ROS. Further, humic sub-
stances are known to increase cell membrane permeability
and enhance metallic ion (Fe and Zn) uptake (Chen and
Aviad 1990). Activities of the antioxidant scavenging
enzymes, SOD, APOX, GPOX, GR and CAT, increased in
leaves sprayed with HA + Fe, FePO, and Fe-citrate. Plants
were able to efficiently scavenge O; by SOD to H,O, and
O, which was evident from corresponding reduction in
amounts of O3 and increased concentration of H,O,. In
Set IT and Set III, CAT was involved in catalysis of H,O,
while GPOX and APOX were active in all three Sets and
were several folds higher than the control. This suggests
that latter two enzymes were most efficiently involved in
detoxification of ROS in case of HA + Fe, Fe-citrate and
FePO, treatments. Increase in GR activity was prominent
in Set IIT with all three Fe treatments whereas in Set I and
Set II, only HA + Fe resulted in maximum GR activity.
Increased GR activity resulted in production of reduced
ascorbate which in turn was oxidized after it reacts with
ROS, thus resulting in reduced ascorbate levels as evident
from corresponding decreased levels in all Sets with
HA + Fe treatment (Supplementary Figs. 1d, 2d and 3d).
Similar increase in activity of antioxidant enzymes with a
corresponding decrease in lipid peroxidation was reported
in B. napus with foliar application of 6.0 mg L™' HA
(Lotfi et al. 2015). Since free Fe?* in cells is toxic and
catalyze the decomposition of H,O, to hydroxy radical
(Becana et al. 1998), so the chelated form of Fe proved to
be better than FeSO, in inducing antioxidant enzymes
(CAT, SOD and GPOX) with reduced level of H,0, in
common bean and wheat (Agarwal et al. 2010, Sida-
Arreola et al. 2015). This supports our result with respect to
Fe chelated with citrate and humic acid however, perfor-
mance of FePO, as foliar spray needs further attention.
Inorganic FePO, may be recommended for foliar applica-
tion as the plants are benefitted with dual nutrient that are
relatively unavailable in soil.

Application of nano-Fe increased yield and seed Fe
fortification in Set III and the results were at par with
HA + Fe. Many studies have linked this to the ability of
nano-Fe to reduce ROS production by the activation of
antioxidant system (Babaei et al. 2017; Shokri-Gharelo and
Ghader 2017). However, in our study the ROS production
and lipid peroxidation was noted to be quite high in case of
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nano-Fe. In a similar study, it was found that MDA levels
were high in the first 2 weeks of exposure of watermelon
(Citrullus lanatus) to nano-Fe. However, it decreased after
3 weeks of nano-Fe exposure which was accompanied by
an increase in antioxidative enzymes, i.e., SOD, POD and
CAT (Wang et al. 2016). Similarly, cucumber plants
treated with nano-Cu exposed them to oxidative stress and
generation of ROS (Zhao et al. 2016). Thus, our results
indicate that the plants’ defense response may not have
been fully activated by nano-Fe at the time of sampling and
later activation of antioxidants might have improved the
seed yield and Fe.

Conclusions

In conclusion, the experiment revealed that growth and
yield along with Fe fortification in soybean seeds can be
enhanced when foliar Fe is applied at both flowering and
pod filling stage, most likely due to their additive effects.
Application at flowering stage increases pod number while
at pod filling, it increases test weight. In general, Fe applied
in any form (organic or inorganic) increased Fe concen-
tration in vegetative organs and even in seeds. The highest
impact on yield and seed Fe concentration in soybean was
found with HA (25 mg) + Fe (2 mM). Foliar application
of nano-Fe was also found to be promising in increasing
the seed Fe concentration, irrespective of the time of
application. Moreover, the yield obtained with nano-Fe
application was next to HA + Fe when sprayed at both
flowering and pod filling stages. Thus, the present study
explains the physiological basis of plants’ response to
agronomic biofortification through foliar feeding of Fe.
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