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Iron is a vital microelement that plays an important role in plant metabolism. Consuming a large
amount of chemical fertilizers increases the risk factors of neoplastic diseases such as heavy metals and
harmful components in crops edible parts. Therefore, utilizing novel technologies to increase yields
without requiring more chemical fertilizers seems essential. In this regard, nanotechnology holds
considerable potentials for creating valuable outputs in agriculture. The effect of nano chelated iron
fertilizer, which is synthesized based on novel nanochelating technology, on agronomic traits and yield
of rice were evaluated in the present study. A randomized complete block experiment was conducted
with 3 replicates. The treatments were: TO (control), T1 (2.5 g/L foliar application twice at nursery with
a one-week interval), T2 (foliar application at tillering +T1), T3 (foliar application at booting +T1), T4
(foliar application at tillering and booting +T1), T5 (8 kg/ha soil application at tillering +T1), T6 (8 kg/
ha soil application at booting +T1), T7 (4 kg/ha soil application at tillering + 4 kg/ha soil application at
booting +T1). Nano chelated iron fertilizer increased biological yield by 27% and decreased hollow
grain number by 254%; in addition, it raised protein content by 13%. This fertilizer also led to increase
in nitrogen, phosphorus, potassium, iron and zinc concentrations in white rice by 46%, 43%, 41%,

25% and 50%, respectively. Nanochelating technology can decrease the need for chemical fertilizers;
additionally, this technology has the capability to bio-fortify crops with vital micronutrients.

The climactic changes adversely impact crops and food production worldwide. Moreover, world population is
continuing to rise at a rate unequal to that of food and agricultural production. The World Food Programme
(WEP 2016) reports that, on average, production of crop yield per hectare is increasing slower than that of global
population, and this will most likely lead to food crisis"?. In addition, greenhouse effect decreases the quality
of crops as it negatively affects various factors such as protein or nutrient content®. There is therefore a serious
need for a solution that can simultaneously increase quality and quantity of crops and supply food for all humans
worldwide.

In view of this, rice, as an essential strategic plant*, is considered the staple food for almost two-thirds of the
world’s population®, but researchers have predicted that global warming will make paddy fields less productive
in the near future. From qualitative perspective, rice is a poor source of iron, zinc and other micronutrients®.
Although many methods, including conventional breeding, genetic engineering and agronomic approaches, have
been exercised in the hope of increasing micronutrients content in rice grains®’, overproduction of a variety of
genetically modified crops has led to serious bio-safety challenges such as food, health and environmental safety
as well as the socio-economical and ethical debates of such approaches®. On the other hand, crops fertilization
does not necessarily increase minerals concentration in fruit, seed or grain to the desired levels*'°.

According to the Food and Agricultural Organization of the United Nations (FAO) report'!, the total con-
sumption amounts of chemical fertilizers (NPKs: nitrogen, phosphorus and potassium sources as essential fer-
tilizers in agriculture) were 183 200 000 and 186 900 000 tons in 2013 and in 2014, respectively. These amounts
reached 200 500 000 tons by the end of 2018 with a successive growth rate of 1.8 percent per year.
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A long-term use of chemical fertilizers will probably cause the accumulation of toxic by-components in soil,
which results in deterioration of soil ecological environment by heavy metals, nitrate and other harmful compo-
nents in crops'?. Therefore, the consumption of these contaminated products can increase the risk of various dis-
eases, especially cancers'®>-1°. As a result of this, there is an urgent need to find a safe and efficient way to increase
the quality and quantity of agricultural products without any need for annual increase in chemical fertilizers
consumption.

Iron is a micronutrient which has a vital role in improving crops in terms of quality and quantity, and sev-
eral studies have already shown that iron fertilization'® has a significant influence on both parameters of rice.
Nowadays, various kinds of iron compounds such as iron sulfate and iron oxide are commonly used around the
world. Among these compounds, iron chelates have shown higher absorption rate!”!¥. Fe-EDDHA and Fe-EDTA
are the most common forms of iron chelates; however, they have some limitations in terms of application and also
absorption rate'®. Therefore, adopting a new approach to synthesize more efficient iron chelates seems essential
for delivery of iron to plants.

Nanotechnology with considerable potentials in different disciplines has been recently used in genetic
enhancement, soil texture, pest and pathogens management, nutrient delivery and environmental conservation,
all of which affect plant growth and development cycle?.

Nanochelating technology is a novel approach applied in synthesizing efficient nano structures in various
disciplines. In the previous studies, the efficiency of nano chelated fertilizers that were synthesized based on this
technology was proved. In this regard, Zareabyaneh et al. indicated that nanochelating-based nitrogen fertilizer
is more resistant to leaching, has higher nitrogen use efficiency and induces more yield when compared to urea?'.
Also in another study by Ranjbar et al., it was revealed that applying nano calcium fertilizer designed based on
the above-mentioned technology improved storage time and different quality-related parameters of apple fruit?.
In several studies, the positive impact of applying nano chelated iron fertilizer on crop quality and quantity has
already been demonstrated®-%.

To use the advantages of nanotechnology and reduce the application of chemical fertilizers, nano chelated iron
fertilizer was used at different growth stages to evaluate the response of rice yield, some agronomic traits, grain
protein content and nutrients concentration to nano chelated iron fertilizer application.

Material and Method

Synthesis and characterization of nano chelated iron fertilizer. Nano chelated iron fertilizer, which
is synthesized based on nanochelating technology, was used in the present experiment®. This fertilizer was syn-
thesized based on a method wildly known as “self-assembly”, which is thoroughly explained in a patent registered
in the United States Patent and Trademark Office (USPTO)?. According to this method, 2.8 g of iron compound
and a few drops of chloric acid are first dissolved in distilled water, and the solution is then put on the shaker to be
mixed for 15 minutes. Afterwards, 3 g of organic acid and a reaction initiator are added to the solution to be mixed
for further 20 minutes while the temperature of the solution does not exceed 60 °C. Following that, the solution
is left for 2hours and then is dried in a freeze dryer device before being sifted. The size of this nano structure was
characterized using high-resolution transmission electron microscopy (HRTEM) images (Electron Microscopy
Unit - Bio 21 device) at Molecular Science and Biotechnology Institute (The university of Melbourne, Victoria
3010, Australia).

Study design. An experiment was conducted in the current study based on a randomized complete block
design with 3 replicates at Rice Research Institute, Rasht, Iran (37.26°N, 49.58°E). To supply NPK fertilizers,
150kg of potassium fertilizer, 150 kg of urea and 150 kg of phosphate fertilizer were applied per hectare.

Treatments were: T, (control), T, (foliar application twice at nursery stage with a one-week interval), T, (foliar
application at tillering stage + T)), T; (foliar application at booting stage + T)), T, (foliar application at tillering
and booting stages+ T), Ts (8 kg/ha soil application at tillering stage +T), T (8 kg/ha soil application at booting
stage + T,), T, (4kg/ha soil application at tillering stage + 4 kg/ha soil application at booting stage +T).

The foliar application dose of nano chelated iron fertilizer was 2.5 g per liter of water. To prepare the solution,
250 g of nano chelated iron fertilizer was dissolved in 100 liters of water and then after obtaining a homogeneous
solution, foliar spraying was done in early morning.

After plowing and preparing the field, it was divided into 4 m x5 m plots which were continuously flooded
with separated input and output pipes in each plot. Nitrogen fertilizer was used before planting and at tillering
stage as urea source. Potassium and phosphorus fertilizers were applied as sulfate potassium and triple super
phosphate sources at sowing time, respectively. After the nursery stage, the seedlings were pulled and trans-
planted into the main field. There was a 20 cm space between the rows with 3 plants on every hill. Thinning,
weeding, irrigation and pest management were done when necessary. Finally, 12 m? of each plot was harvested to
record three parameters of hollow grain number, 1000-grain weight and yield. Panicle length was also measured
by digital caliper at physiological maturity stage.

Nitrogen concentration was measured by Kjeldahl (1883) method?. Phosphorus and potassium were com-
puted by calorimetry and flame photometry, respectively. Atomic absorption spectroscopy?® with a deuterium
background correction by acetylene-air flame atomization was used to measure zinc, copper, iron and manga-
nese concentrations. Moreover, an analytical line of 248.3 nm in a spectral interval of 0.2 nm was used to make
the computations. Besides, the standard addition method was utilized to determine the elements concentration.
Sample digestion was obtained in an MDS-2000 microwave sample-preparation system (CEM, Matthews, NC,
USA) in Teflon cartridges by mixing acid (5mL) and H,0, (2mL) for 20 minutes at 120 psi pressure, and eventu-
ally, the final product was evaluated directly in Teflon cartridges.
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Figure 1. Transmission electron microscope (TEM) images.

Ec P K Fe Mn Zn Cu
Ds. OoC |N Mg. Mg. Mg. Mg. Mg. Mg. Sand Silt Clay
m' | (%) | (%) kg™' |kg' |kg7! |kg' |kg™' |kg™' | (%) (%) | (%)
2.24 2.74 0.210 15.1 164 21.2 14.8 7.8 6.9 11 47 42

Table 1. Physico-chemical characteristics of soil test. It shows the result of the soil test conducted to determine
the elements value and soil characteristics. Table 1 reveals the texture of silty loam with the level of major
secondary and minor nutrients.

Statistical analysis. Data were recorded and analyzed by SPSS and IRRISTAT software. The means were
compared according to Duncan test at 0.01 level, and the percentage of protein was calculated by the specific
coeflicient (6.25) of nitrogen content.

Ethics, consent and permissions. Rice Research Institute, Rasht, Iran (37.26°N, 49.58°E).

Results
Nano chelated iron fertilizer characterization. The size of this nanocomplex was approximately 80 nm,
which was determined based on TEM images by HRTEM (Fig. 1).

Effect of nano chelated iron fertilizer on yield-related parameters and protein con-
tent. Physico-chemical characteristics and nutrients concentration of soil samples are shown in Table 1. The
soil test in the present study showed that it was a silty clay soil with EC=2.24 ds.m ™. The results showed (Table 2)
that nano chelated iron fertilizer had significant effect (P value < 0.01) on hollow grain number and 1000-grain
weight, and besides paddy yield and protein content responded to the application of this fertilizer significantly
(P value <0.05).

Maximum value of tiller number (18.43 per plant), panicle length (27 cm), 1000-grain weight (28 gr), paddy
yield (5845kg/ha), biological yield (11356 kg/ha) and protein content (9.91%) were observed under T3, while
minimum values of the above-mentioned parameters were obtained from control (Table 3).

Control and T3 had the maximum and minimum number of hollow grain, respectively (Table 3). The results
also showed that nano chelated iron fertilizer increased tiller number by 18%, panicle length by 10%, 1000-grain
weight by 18%, paddy yield by 30% and biological yield by 27% compared to control. Moreover, hollow grain
number was decreased by 254% using this nano fertilizer.

Effect of nano chelated iron fertilizer on rice macro and micronutrients content.  Nano chelated
iron fertilizer had significant effect on nitrogen, phosphorus and potassium concentrations of white rice as com-
pared to control (Table 4). Figure 2a shows the effect of nano chelated iron fertilizer on nitrogen content of rice.
The results showed that T3 had the maximum nitrogen concentration compared to control, while no significant
difference was observed in the other treatments.

Furthermore, phosphorus concentration was affected by nano fertilizers, where maximum and minimum
phosphorus contents were observed in T3 (6.6kg/ha) and control (4.6 kg/ha), respectively (Fig. 2b). Potassium
concentration differed under different fertilizer treatments. According to the results (Fig. 2¢), maximum potas-
sium concentration was gained from T3, whereas control had the least potassium content. Numerically, applying
nano chelated iron fertilizer increased phosphorus and potassium concentrations by 43% and 41%, respectively.
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Tiller Panicle Hollow
Source of Freedom number Plant length grain 1000grain paddyyield | Biological yield | Straw yield Harvest Protein
changes degree (per plant) | height(cm) (cm) number weight (gr) (kg.-ha™1) (kg.ha™!) (kg.ha™!) index (%)
Block 2 2.82ns 57.72%% 0.75ns 30.43* 0.12ns 998519.8%* 2426215.8ns 327202.8ns 5.79ns 0.17ns
Fertilizers 7 2.67ns 14.27ns 1.87ns 91.50%* 4.51%* 696184.8%* 1926675.6 ns 533439.1ns 13.98 ns 0.37*
Error 14 1.79 6.02 1.20 4.86 0.83 235044.4 1088812.7 548022.9 12.69 0.12
CV(%) 7.8 1.8 4.3 22.6 3.6 10.1 10.8 15.2 7.2 3.6

Table 2. Mean square of tiller number, plant height, panicle length, hollow grain number, 1000-grain weight,
grain yield, biological yield and harvest index of rice. ® **Significant at P <0.01, *Significant at P <0.05, ns: No
significant difference. It shows the mean square of agronomic and physiological characteristics of rice analyzed
using SPSS and IRRISTAT software. According to the results, nano chelated iron fertilizer had significant effect
on hollow grain number, grain weight, paddy yield and protein content.

Tiller Plant Panicle Hollow paddy Biological 3::?: Harvest

number height length grain 1000-grain | yield (kg. | yield (kg. (kg. index Protein
Treatments | (per plant) | (cm) (cm) number | weight (gr) |ha™?) ha™') ha™') (%) (%)
TO 15.53b 13.6.8b 24.5b 21.04a 23.7¢ 4369b 8949b 4581a 48a 8.76b
T1 17.27ab 143.1a 25.87ab 6.13d 25.7b 5023ab 9831ab 4808a 51.26a 9.79a
T2 17.8ab 137.4b 25.8ab 14.03¢ 25.3ab 4685b 9018b 4333a 52a 9.64a
T3 18.43a 139.7ab 27a 5.93d 28a 5845a 11356a 5511a | 51.66a 9.91a
T4 17ab 137.5b 24.73b 7.5¢d 26.3b 4509b 9937ab 5428a 48a 9.49a
T5 16.07ab | 136.3b 25.4ab 10.73cd 25.7b 4999ab 9980ab 4981a 49.9a 9.59a
T6 16.97ab | 137.9b 26ab 5.63d 25ab 4556b 9067b 4511a 50.26a 9.4la
T7 17.2ab 137.6b 25.2ab 6.73cd 25.3ab 4484b 9281b 47.97a | 48.63a 9.31ab

Table 3. Mean comparison of tiller number, plant height, panicle length, hollow grain number, 1000-grain
weight, paddy yield, biological yield, straw yield, harvest index and protein content of rice. ® Treatments with
the same letters do not have any significant difference. Means were compared according to Duncan test at 0.01
level. Variation in different parameters is linked to effect of using nano chelated iron fertilizer in different stages.
Results demonstrated that in most traits T3 had the maximum value.

According to Table 4, in spite of the lack of significant difference, zinc, copper, iron and manganese concentra-
tions of white rice in T3 were at the highest level (Fig. 3). T0 and T3 had the minimum and maximum amounts
of zinc, copper, iron and manganese concentrations with 0.062; 0.092kg/ha, 0.01; 0.033 kg/ha, 0.042; 0.07 kg/ha
and 0.046; 0.074 kg/ha, respectively.

Effect of nano chelated iron fertilizer on paddy rice macro and micronutrients content. Paddy
analysis demonstrated that nitrogen concentration was impacted by nano chelated iron fertilizer application sig-
nificantly (Table 5). The results of the analysis showed that T3 had the maximum amount of nitrogen content in
the paddy rice with 72.9kg/ha (Fig. 4a), and by contrast no significant effect was observed on phosphorus and
potassium concentrations under other nano chelated iron fertilizer treatments (Fig. 4b). T3 showed the maxi-
mum amount of zinc, copper and iron concentrations in paddy rice (Figs. 4c, 5a,b respectively). In addition, Fig. 6
shows that nano chelated iron fertilizer application did not have any significant effect on nitrogen, phosphorus
and potassium concentrations of rice straw (Table 6).

Discussion

As the previous studies have demonstrated that the application of nano chelated iron fertilizer improves both
quality and quantity in various crops, it can be argued that this fertilizer, which is synthesized based on nano-
chelating technology, can greatly improve the delivery of this vital element to plants. In one study by Pirzad et al.,
it was revealed that using nano chelated iron fertilizer positively affects sub stem, single leaf area, and leaf weight
and number of Calendula officinalis L. under water stress condition®.

Rezaeei et al. indicated that foliar application of 2.5kg of nano chelated iron fertilizer had the highest impact
on yield-related characteristics of wheat®. In addition, Maleki Farahani ef al. demonstrated that application of
5kg of nano chelated iron fertilizer led to increased yield in dry stigma, dry leaf, concentration of leaf iron and
total iron of Crocus sativus L.>!.

Applying nano chelated iron fertilizer improved all yield-related parameters in the current study. In an investi-
gation on wheat cultivars, Harsini et al. (2014) itemized that plant height, spike number, 1000-grain weight, grain
number per spike, biological yield and harvest index were significantly affected by nano chelated iron fertilizer
as well as grain yield increase up to 20% compared to control®?. Amuamubha et al. (2012) evaluated the effect of
three concentrations of nano iron fertilizer (1, 2 and 3 g.1™!) on stem elongation, flowering and harvest time,
and reported that using 1 g/L of iron nanoparticles at stem elongation stage had the highest impact on yield and
essential oil. In another study on rice cultivars, Ghasemi Lemraski et al. (2017) well documented that paddy yield,
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Source of Freedom N concentration P concentration K concentration Zn concentration | Cuconcentration | Fe concentration Mn concentration
changes degree (kg.ha=") (kg.ha™") (kg.ha=") (kg.ha™') (kg.ha™') (kg.ha™") (kg.ha™!)

Block 2 134.31%* 1.81%* 0.12* 0.00201%* 0.00028 ns 0.00057 ns 0.00031ns
Fertilizers 7 97.36%* 1.15% 0.10%* 0.00023 ns 0.00014 ns 0.00034 ns 0.00019 ns

Error 14 16.95 0.36 0.02 0.00009 0.000097 0.00045 0.0001

CV(%) 9.47 11.33 9.85 12.4 55 38.5 16.8

Table 4. Analysis of variance of N, P, K, Zn, Cu, Fe and Mn concentrations of white rice. ® **Significant

at P <0.01, *Significant at P <0.05, ns: No significant difference. Nutrients concentration of white rice

was evaluated after nano chelated iron fertilizer application. Nutrients concentration analysis of white rice
demonstrated that nitrogen, phosphorus and potassium responded to nano chelated iron fertilizer significantly.
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Figure 2. Nitrogen (a), phosphorus (b) and potassium (c) concentrations of white rice in response to different
nano chelated iron fertilizer applications. The above-mentioned figures demonstrate the effect of nano chelated
iron fertilizer on nutrients concentration which was significant on nitrogen, phosphorus and potassium

concentrations of white rice.
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Figure 3. Zinc, copper, iron and manganese concentrations of white rice in response to different nano chelated

iron fertilizer applications.
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Source of Freedom N concentration P concentration K concentration Zn concentration | Cu concentration | Fe concentration Mn concentration
changes degree (kg.ha=") (kg.ha™") (kg.ha=") (kg.ha™') (kg.ha™') (kg.ha™") (kg.ha™!)

Block 2 375.64%% 50.88%* 22.07ns 0.00321%* 0.00002 ns 32.46%* 1.15%*
Fertilizers 7 149.86* 35.64ns 25.47ns 0.00149ns 0.00027 ns 3.45ns 0.16ns

Error 14 48.90 13.46 12.14 0.00064 0.00013 2.29 0.14

CV(%) 11.9 134 15.2 12.7 44 41.1 455

Table 5. Analysis of variance of N, P, K, Zn, Cu, Fe and Mn concentrations of paddy rice. ® **Significant
at P <0.01, *Significant at P <0.05, ns: No significant difference. It shows the analysis result of nutrients
concentration of paddy rice. Nitrogen concentration was positively affected by nano chelated iron fertilizer.
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Figure 4. The effect of nano chelated iron fertilizer on nitrogen (a), phosphorus and potassium (b) and zinc
concentrations (c) of paddy rice.

tiller number, plant height, panicle length and harvest index were positively influenced by nano chelated iron
fertilizer application.

It should be noted that rice yield is a complex trait multiplicatively determined by three component traits:
number of panicles, number of grains per panicle and grain weight, all of which are typical quantitative traits.
Among these characteristics, grain number is the most important determining factor in rice yield***, and also
improvement in grain filling has still remained as one challenging issue*. However, in the present study, nano
chelated iron fertilizer decreased hallow grains (by approximately 254%), while simultaneously increased other
yield-related parameters®. Similarly, in another study by Peyvendi et al., it was demonstrated that using nano
chelated iron fertilizer simultaneously improved growth indices and quantitative and qualitative parameters of
basil (Ocimum basilicum L.).

In the present study, nano chelated iron fertilizer significantly impacted nitrogen, phosphorus and potassium
concentrations of white rice in comparison to control (Table 4). Urea is the most common source of nitrogen and
a hundred million tons of it is annually used worldwide, yet due to the leaching and volatilization problems, a
large amount of it is wasted, which finally causes environmental pollution®. Based on the results of the present
study, applying nano chelated iron fertilizer can improve nitrogen absorption and optimize urea fertilizer con-
sumption. In addition to this improvement, phosphorus and potassium concentrations were positively affected by
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Figure 5. The effect of nano chelated iron fertilizer on copper (a) and iron concentrations (b) of paddy rice.
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Figure 6. The effect of nano chelated iron fertilizer on nitrogen, phosphorus and potassium concentrations of
rice straw. Nano chelated iron fertilizer was applied to evaluate nutrient changes in rice straw. Figure 6 shows
that nitrogen, phosphorus and potassium concentrations did not response to nano chelated iron fertilizer.

Source of Freedom N concentration (kg. | P concentration (kg. | K concentration (kg.
changes degree ha?) ha™!) ha™?)

Block 2 59.20ns 0.73ns 14.38ns

Fertilizers 7 28.39ns 9.57ns 226.58ns

Error 14 28 7.77 285.28

CV(%) 25.7 221 23.5

Table 6. Mean square of nutrients concentration of rice straw. **Significant at P <0.01, *Significant at P <0.05,
ns: No significant difference. Rice straw was tested to investigate the nutrients concentration variation. The
results showed that nutrients concentration was not affected by nano chelated iron fertilizer.

nano chelated iron fertilizer, which shows that this nano fertilizer can improve the absorption rate of phosphorus
and potassium fertilizers and may prevent their abundant consumption. Likewise, one study by Vattani et al.
showed that applying nano chelated iron fertilizer in two varieties of spinach increased the accumulation of iron
and potassium, but decreased sodium, nitrate and nitro in spinach leaves¥.
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In terms of bio-fortification, multiple solutions have been suggested and used for rice bio-fortification,
although most of them have shown limited results and are generally costly and unacceptable due to the changes
made to rice®®. On the other hand, genetic and agronomic bio-fortification are currently considered to be two
important agricultural tools to improve rice grain nutrients concentrations. However, genetic manipulation with
the aim of increasing a particular element can induce negative effects on production quantity or other nutrients
content, while in the best cases it does not impact production quantity®. In addition, using common iron ferti-
lizers presents its own set of problems. It is well established that increased iron uptake in rice leads to increased
growth and seed yield, but not necessarily increased iron loaded in the seeds*.

In the present study, nano chelated iron fertilizer increased micronutrients in addition to protein content and
yield parameters. According to the results of this study, protein content and zinc, copper, iron and manganese
concentrations of white rice in T3 were at the highest level. This result shows that without any genetic manipula-
tion and just by applying nano chelated iron fertilizer, rice bio-fortification would be possible. Similarly, Salarpour
et al. reported that nano chelated iron fertilizer has positive effect on both growth characteristics and oil essence
of cress at the same time*'. Hokmabadi et al. also indicated that using nano chelated iron fertilizer for pistachio
trees (soil and foliar application) increased the amounts of iron and calcium in fruit as well as the percentage of
soluble sugar by about 40%*2.

Conclusion

The present study shows that foliar application of nano chelated iron fertilizer in paddy fields offers a practical
and functional approach for bio-fortification of rice. Nano chelated iron fertilizer increased plant height, panicle
length, grain weight and paddy yield, and in addition enriched white rice in nitrogen, phosphorus and potassium
concentrations significantly as compared to control.

Increased macronutrients and protein concentration of rice by nano chelated iron fertilizer application shows
that applying this fertilizer increases the uptake of macronutrients and can therefore decrease the consumption
of chemical fertilizers. Foliar Application of 2.5 g/L of nano chelated iron fertilizer at nursery and booting stages
had the maximum effect on rice quality and quantity parameters, all of which were obtained with a low cost and
little amount of nano chelated iron fertilizer application. In conclusion, without adding more chemical fertilizers,
which have hazardous effects on human health, more crops with better quality can be produced.
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Received: 8 May 2019; Accepted: 7 February 2020;
Published online: 09 March 2020

References

1. Masipa, T. S. The impact of climate change on food security in South Africa: Current realities and challenges ahead. Jamba 9, 411,
https://doi.org/10.4102/jamba.v9il.411 (2017).

2. Pimentel, D. Global warming, population growth, and natural resources for food production. Soc. Nat. Resour. 4, 347-363, https://
doi.org/10.1080/08941929109380766 (1991).

3. Taub, D. R,, Miller, B. & Holly, A. Effects of elevated CO2 on the protein concentration of food crops: a meta-analysis. Glob. Change
Biol. 14, 565-575, https://doi.org/10.1111/j.1365-2486.2007.01511.x (2008).

4. Liesack, W., Schnell, S. & Revsbech, N. P. Microbiology of flooded rice paddies. FEMS Microbiol. Rev. 24, 625-645, https://doi.
org/10.1111/.1574-6976.2000.tb00563.x (2000).

5. Wynn, T. Rice Farming: How the Economic Crisis Affects the Rice Industry. Presented at the Rice Producers Forum; USRPA, Houston,
TX, USA. 20 August 2008, http://www.ricefarming.com/home/2009_JanProducersForum.html (2009).

6. Sperotto, R. A, Ricachenevsky, E. K., Waldow Vde, A. & Fett, . P. Iron biofortification in rice: it’s a long way to the top. Plant. Sci. 190,
24-39, https://doi.org/10.1016/j.plantsci.2012.03.004 (2012).

7. Yang, X. E., Chen, W. R. & Feng, Y. Improving human micronutrient nutrition through biofortification in the soil-plant system:
China as a case study. Env. Geochem. Health 29, 413-428, https://doi.org/10.1007/s10653-007-9086-0 (2007).

8. Lu, B. R. & Yang, C. Gene flow from genetically modified rice to its wild relatives: Assessing potential ecological consequences.
Biotechnol. Adv. 27, 1083-1091, https://doi.org/10.1016/j.biotechadv.2009.05.018 (2009).

9. Frossard, E., Bucher, M., Machler, E, Mozafar, A. & Hurrell, R. Potential for increasing the content and bioavailability of Fe, Zn and
Ca in plants for human nutrition. J. Sci. Food Agric. 80, 861-879 (2000).

10. Shuman, L. M. Micronutrient fertilizers. J. Crop. Product. 1, 165-195 (1668).

11. Organization), F. E A. A. Report of the Fifth External Programmed and Management Review of the International Plant Genetic
Resources Institute (IPGRI) FAO; Rome, Italy:, http://www.fao.org/wairdocs/tac/x5801e/x5801e08.htm (2001).

12. Li, D. P. & Wu, Z. J. Impact of chemical fertilizers application on soil ecological environment. Heavy metal contaminants in inorganic
and organic fertilizers. Ying Yong Sheng Tai XueBao 19, 1158-1165 (2008).

13. Xie, L. et al. Association between dietary nitrate and nitrite intake and sitespecific cancer risk: evidence from observational studies.
Oncotarget 7, 56915-56932, https://doi.org/10.18632/oncotarget.10917 (2016).

14. Turkdogan, M. K., Kilicel, E, Kara, K., Tuncer, I. & Uygan, I. Heavy metals in soil, vegetables and fruits in the endemic upper
gastrointestinal cancer region of Turkey. Env. Toxicol. Pharmacol. 13, 175-179, https://doi.org/10.1016/S1382-6689(02)00156-4
(2003).

15. Fan, Y., Zhu, T., Li, M., He, ]. & Huang, R. Heavy Metal Contamination in Soil and Brown Rice and Human Health Risk Assessment
near Three Mining Areas in Central China. J. Healthc. Eng. 2017, 4124302, https://doi.org/10.1155/2017/4124302 (2017).

16. Fang, Y. et al. Effect of foliar application of zinc, selenium, and iron fertilizers on nutrients concentration and yield of rice grain in
China. J. Agric. Food Chem. 56, 2079-2084, https://doi.org/10.1021/jf800150z (2008).

17. Tyksinski W. K. A. After effect of iron chelates on the yielding and iron content in greenhouse lettuce. Acta. Sci. (2008).

18. Schonbherr, J., Fernandez, V. & Schreiber, L. Rates of cuticular penetration of chelated Fe(III): role of humidity, concentration,
adjuvants, temperature, and type of chelate. J. Agric. Food Chem. 53, 4484-4492, https://doi.org/10.1021/jf050453t (2005).

19. Karagiannidis, N. S. A. E. K. N., Thomidis, T., Zakinthinos, G. & Tsipouridis, C. Prognosis and correction of iron chlorosis in peach
trees and relationship between iron concentration and Brown Rot. Scientia horticulturae (2008).

20. Ghormade, V., Deshpande, M. V. & Paknikar, K. M. Perspectives for nano-biotechnology enabled protection and nutrition of plants.
Biotechnol. Adv. 29, 792-803, https://doi.org/10.1016/j.biotechadv.2011.06.007 (2011).

SCIENTIFIC REPORTS |

(2020) 10:4351 | https://doi.org/10.1038/s41598-020-60189-x


https://doi.org/10.1038/s41598-020-60189-x
https://doi.org/10.4102/jamba.v9i1.411
https://doi.org/10.1080/08941929109380766
https://doi.org/10.1080/08941929109380766
https://doi.org/10.1111/j.1365-2486.2007.01511.x
https://doi.org/10.1111/j.1574-6976.2000.tb00563.x
https://doi.org/10.1111/j.1574-6976.2000.tb00563.x
http://www.ricefarming.com/home/2009_JanProducersForum.html
https://doi.org/10.1016/j.plantsci.2012.03.004
https://doi.org/10.1007/s10653-007-9086-0
https://doi.org/10.1016/j.biotechadv.2009.05.018
http://www.fao.org/wairdocs/tac/x5801e/x5801e08.htm
https://doi.org/10.18632/oncotarget.10917
https://doi.org/10.1016/S1382-6689(02)00156-4
https://doi.org/10.1155/2017/4124302
https://doi.org/10.1021/jf800150z
https://doi.org/10.1021/jf050453t
https://doi.org/10.1016/j.biotechadv.2011.06.007

www.nature.com/scientificreports/

21. Zareabyaneh, H. & Bayatvarkeshi, M. Effects of slow-release fertilizers on nitrate leaching, its distribution in soil profile, N-use
efficiency, and yield in potato crop. Environmental Earth Sciences (2015).

22. Ranjbar, S., Rahemi, M. & Ramezanian, A. Comparison of nano-calcium and calcium chloride spray on postharvest quality and cell
wall enzymes activity in apple cv. Red Delicious. Scientia Horticulturae (2018).

23. Ghasemi Lemraski, M., Normohamadi, G., Madani, H., Heidari Sharif Abad, H. & Mobasser, H. R. Two Iranian rice cultivars’
response to nitrogen and nano fertilizer. Open J. Ecol. 7, 591-603 (2017).

24. Amuamuha, L., Pirzad, A. & Hashem Hadi, H. Effect of varying concentrations and time of nano iron foliar application on the yield
and essential oil of Pot marigold. International Research Journal of Applied and Basic Sciences. (2012).

25. Effect of nano and biological fertilizers on carbohydrate and chlorophyll content of forage sorghum.

26. MH., N. Chelate compounds. Google Patents US8288587B2. (2012).

27. Kjeldahl, J. A new method for the determination of nitrogen in organic matter. Z. fiir Analytische Chem. 22, 366-382 (1883).

28. Olsen, S. R,, Cole, C. V., S.Watanabe, F. & Dean, L. A. Estimation of available phosphorous in soil by extraction with sodium
bicarbonate. USDA Circ. 93. Washington, DC: U.S. Government Printing Office. (1954).

29. Shokrani, A. P. A. F. Effects of Iron Application on Growth Characters and Flower Yield of Calendula officinalis L. Under Water
Stress. World Applied Sciences Journal (2012).

30. Movahhedy Dehnavy, M., Modarres Sanavy, S. A. M. & Mokhtassi Bidgoli, A. Foliar application of zinc and manganese improves
seed yield and quality of safflower (Carthamus tinctorius L.) grown under water deficit stress. Industrial Crops Production. (2009).

31. Maleki Farahani, S., Khalesi, A. & Sharghi, Y. Effect of nano iron chelate fertilizer on iron absorption and saffron (Crocus sativus L.)
quantitative and qualitative characteristics. Asian J. Biol. Sciences. 8(2), 72-82 (2015).

32. Harsini, M. G., Habibib, H. & Talaei, G. H. Study the effects of iron nano chelated fertilizers foliar application on yield and yield
components of new line of wheat cold region of Kermanshah province. Agric. Adv. 3, 95-102 (2014).

33. Yoshida, S. Physiological analysis of rice yield. Fundamentals of Rice Crop Science. International Rice Research Institute, Los Banos,
The Philippines, 231-251 (1981).

34. Yoshida, H., Horie, T. & Shiraiwa, T. A model explaining genotypic and environmental variation of rice spikelet number per unit
area measured by cross-locational experiments in. Asia. Field Crop. Res. 97, 337-343 (2006).

35. Yang, J. & Zhang, J. Grain-filling problem in ‘super’ rice. J. Exp. Bot. 61, 1-5, https://doi.org/10.1093/jxb/erp348 (2010).

36. Di,, H.J. A. C. K. C. Calculating nitrogen leaching losses and critical nitrogen application rates in dairy pasture systems using a
semi-empirical model. N. Zealand J. Agric. Res. 43, 139-147 (2000).

37. Vattani, H., Keshavarz, N. & Baghaei, N. Effect of sprayed Soluble different levels of iron chelate nano fertilizer on nutrient uptake
efficiency in two varieties of spinach (Varamin88 and Virofly). International Research Journal of Applied and Basic Sciences.

38. Piccoli, N. B. et al. Rice fortification: its potential for improving micronutrient intake and steps required for implementation at scale.
Food Nutr. Bull. 33, S360-372, https://doi.org/10.1177/15648265120334S312 (2012).

39. Bashir, K., Takahashi, R., Nakanishi, H. & Nishizawa, N. K. The road to micronutrient biofortification of rice: progress and prospects.
Front. Plant. Sci. 4, 15, https://doi.org/10.3389/fpls.2013.00015 (2013).

40. Guerinot, M. L. It's elementary: enhancing Fe3+ reduction improves rice yields. Proc. Natl. Acad. Sci. USA 104, 7311-7312, https://
doi.org/10.1073/pnas.0701954104 (2007).

41. Salarpour, O. P. S., Sayyari, M. H. & Alahmadi, M. J. Effect of nano-iron chelates on growth, peroxidase enzyme activity and oil
essence of cress (Lepidium sativum L.). International Journal of Agronomy and Plant Production (2013).

42. Hokmabadi, H. A. H., Barfeie, R., Nazaran, M. H., Ashtiani, M. & Aboutalebi, A. A new iron chelate introduction and their effect on
quality of pistachio and as an iron fortification for better food quality. I International Symposium on Fresh Food Quality Standards:
Better Food by Quality and Assurance.

Acknowledgements
The Support for this work was provided by the Department of Research and Development at Sodour Ahrar
Shargh Company, Tehran, Iran.

Author contributions

S.E. performed most of the experiment and data acquisition, and M.H. wrote the manuscript. M.E., M.K.H.
and M.A.B. performed the statistical analysis, and S.K. carried out the synthesis of nano chelated iron fertilizer.
M.E.A. designed the study and M.H.N. contributed to the conception and design of nano chelated iron fertilizer.
All authors have read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.K., M.E.A. or M.H.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:4351 | https://doi.org/10.1038/s41598-020-60189-x


https://doi.org/10.1038/s41598-020-60189-x
https://doi.org/10.1093/jxb/erp348
https://doi.org/10.1177/15648265120334S312
https://doi.org/10.3389/fpls.2013.00015
https://doi.org/10.1073/pnas.0701954104
https://doi.org/10.1073/pnas.0701954104
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Using Nanochelating Technology for Biofortification and Yield Increase in Rice

	Material and Method

	Synthesis and characterization of nano chelated iron fertilizer. 
	Study design. 
	Statistical analysis. 
	Ethics, consent and permissions. 

	Results

	Nano chelated iron fertilizer characterization. 
	Effect of nano chelated iron fertilizer on yield-related parameters and protein content. 
	Effect of nano chelated iron fertilizer on rice macro and micronutrients content. 
	Effect of nano chelated iron fertilizer on paddy rice macro and micronutrients content. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Transmission electron microscope (TEM) images.
	Figure 2 Nitrogen (a), phosphorus (b) and potassium (c) concentrations of white rice in response to different nano chelated iron fertilizer applications.
	Figure 3 Zinc, copper, iron and manganese concentrations of white rice in response to different nano chelated iron fertilizer applications.
	Figure 4 The effect of nano chelated iron fertilizer on nitrogen (a), phosphorus and potassium (b) and zinc concentrations (c) of paddy rice.
	Figure 5 The effect of nano chelated iron fertilizer on copper (a) and iron concentrations (b) of paddy rice.
	Figure 6 The effect of nano chelated iron fertilizer on nitrogen, phosphorus and potassium concentrations of rice straw.
	Table 1 Physico-chemical characteristics of soil test.
	Table 2 Mean square of tiller number, plant height, panicle length, hollow grain number, 1000-grain weight, grain yield, biological yield and harvest index of rice.
	Table 3 Mean comparison of tiller number, plant height, panicle length, hollow grain number, 1000-grain weight, paddy yield, biological yield, straw yield, harvest index and protein content of rice.
	Table 4 Analysis of variance of N, P, K, Zn, Cu, Fe and Mn concentrations of white rice.
	Table 5 Analysis of variance of N, P, K, Zn, Cu, Fe and Mn concentrations of paddy rice.
	Table 6 Mean square of nutrients concentration of rice straw.




