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Abstract

Nano-fertilizers (Nfs) have the potential to revolutionize agricultural systems through nanostructures
ranging from 1 to 100 nm that address environmental responses and a more targeted biological demand. The
purpose of this work was to study the impact of the foliar application of nanoparticles (NPs), sulfate and iron
chelate on the growth, yield and assimilation of nitrogen in green beans. The iron was applied foliar in three
different ways: Iron oxide nanoparticles (Fe,O3), ferric sulfate (Fe;(SO4);) and iron chelate (Fe-EDDHA) in
doses of 0, 25, 50, 100 and 200 ppm. The treatments that produced a higher total biomass increase were NPs
and Fe-EDDHA at 50 ppm, with increases of 37% and 47% respectively compared to the control (with no
application of Fe). Regarding the in vivo nitrate reductase activity, significant differences were obtained,
particularly in the NPs and Fe-EDDHA treatment, with increases of 71% and 72% respectively. NPs at low
doses favored maximum fruit production with increases of 88% in comparison to the control. Finally, it is
concluded that the optimal doses that enhanced total biomass, production and assimilation of nitrogen were
Fe2(SO4); at 25 ppm, Fe-EDDHA at 100 ppm and Fe;Os at 25 ppm. The efficiency of foliar absorption of
iron was found in treatments with Fe;Osat 50 and 100 ppm. The foliar absorption efficiency of NPs offers
sustainable alternatives to increase the productivity of the green bean.
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Introduction

Nanotechnology is an emerging technology that in recent years has allowed new applications in different
areas (Solanki er a/, 2015). For agriculture, nano-fertilizers are the most important contribution, as they have
the advantage of reducing leaching and in turn improving the nutrient uptake in plants (Liu and Lal, 2015).
Nanoparticles (NPs) interact with plants causing many morphological and physiological changes, depending
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on the properties of the NPs (Sidiqui er a/, 2015). Their wider use is due to their size (less than 100 nm),
allowing them an easier penetration through the biological membranes, in comparison with conventional
fertilizers (Eichert er al, 2008). Therefore, there is an opportunity to improve the production of several crops
through new strategies that offer to use less supplies, reduce production costs and the excessive use of
agrochemicals (Servin and White, 2016). In recent years, several studies where these NPs have had positive
effects on some crops have been reported. Panwar er al (2012) found that the application of zinc oxide NPs
(ZnO) increased the growth of tomato seedlings at doses of 20 mg L, while Rui ez a/ (2016) had an increased
production in peanut crops. The application of these new fertilization strategies to crops like beans (Phascolus
vulgaris L.), which stand out for their high demand for human consumption and are considered a basic food
crop, is very important (Sudrez-Martinez er al, 2016). Beans are harvested for their dry seeds and immature
green pods; they are a good and cheap source of protein (20-28%). They are rich in minerals such as Fe (70 mg
kg-') and Zn (33 mgkg™), and a source of energy (32%) and fiber (56%) (Mahajan eral, 2015), so nanoparticles
could be an alternative to stimulate their production.

On the other hand, the optimal absorption of micronutrients such as iron (Fe) is important for plant
metabolism because it participates in several metabolic and enzymatic processes such as electron transport,
nitrogen fixation, hormone and DNA synthesis, among others (Fernandez et a/, 2008). Fe is mainly in the
form of insoluble Fe**, especially in high pH and aerobic soils; therefore, some soils have generally deficiency of
the available form, Fe** (Ye er al, 2015) problems that the use of conventional fertilizers such as sulfate and
iron chelate do not solve because they tend to leach and contaminate the water table (Arizmendi-Galicia ez al,
2011). Because of this the application of Fe NPs to crops growing in soils with an alkaline pH and a high
calcium carbonate content is very important, since these problems are common in many crops of agricultural
interest. An alternative application of this element is foliar fertilization, which has a quick absorption through
the leaf epidermis, and which is accessible to other parts of the plant via the xylem and phloem (Nasiri et af,
2010). It also has a more immediate and targeted response than soil fertilization, since the nutrients can be
applied during the critical stages of plant growth (Fernandez er a/, 2015) and the nutrients are properly used
by reducing environmental pollution because of the lower amount of fertilizers that are added to the soil.
However, despite the fact that there are numerous studies of nanoparticles in agriculture, there are still few
reports on the use of NP as fertilizers and its performance in comparison with traditional fertilizers as there are
several aspects that have not yet been explored in detail. Thus, the purpose of this work was to study the impact
of the foliar application of nanoparticles, sulfate and iron chelate on the growth, yield and assimilation of
nitrogen in green beans cv. ‘Strike’.

Materials and Methods

Crop management

The experiment was carried out in the facilities of the Center for Research in Food and Development in
Delicias, Chihuahua, México, during the month of April and May 2019. The experiment was carried out under
greenhouse conditions at an average environmental temperature of 32.48 °C, with a minimum temperature of
25.16 °C and a maximum of 39.8 °C, solar radiation of 6.9 kWhm™ and relative humidity of 60%. Green beans
(P vulgarisL. cv. ‘Strike’) seeds were sown directly in plastic pots of 13.4 L volume and with a substrate weight
per pot of 2.907 kg (two plants per pot) in a mixture of perlite and vermiculite substrate at a ratio of 1:2. The
plants were watered with a complete nutrient solution consisting of 6 mM of NHsNOs3, 1.6 mM of K.HPO4,
0.3 mM of K;SOs4, 4.0 mM of CaCl,e2H,0 1.4 mM of MgSO4e7H,0, 2 yM of MnSO4eH,O, 1.0 uM of
ZnSO4e7H,0, 0.25 M of CuSOse5H,0, 0.3 uM of (NH:)6Mo;Os:e4H,0, and 0.5 uM of H3BOs, which
was developed using distilled water at pH 6.0-6.1 and EC of 1.289 dS m™. The solution was applied up to the
field capacity of the substrate every third day. The iron-based treatments were applied by foliar spraying. The
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foliar application of the treatments was carried out from the appearance of the first true leaves (15 days after
germination), every 10 days for a total of 5 applications during the crop cycle.

Experimental design and treatments

A completely randomized experimental design with four repeated doses per treatment was used. The
sources of iron were the following: Ferric sulfate (Fex(SOs)s), iron chelate (Fe-EDDHA) and iron oxide
nanoparticles (Fe;Os) applied in a foliar way in doses of 0, 25, 50, 100 and 200 ppm (Table 1).

Table 1. Treatment description (doses and sources of application)

Fe Source Dose (ppm) Code
Control 0 Control
Sulfate (Fe2[SO4]3) 25 S25
Sulfate (Fe,[SO4]5) 50 S50
Sulfate (Fe,[SO4]5) 100 $100
Sulfate (Fe,[SO4]3) 200 S$200
Chelate (Fe-EDDHA) 25 C25
Chelate (Fe-EDDHA) 50 C50
Chelate (Fe-EDDHA) 100 C100
Chelate (Fe-EDDHA) 200 C200
NPs (Fe,O3) 25 NPs-Fe25
NPs (Fe;O3) 50 NPs-FeS0
NPs (Fe,O3) 100 NPs-Fel00
NPs (Fe,O3) 200 NPs-Fe200

Nano-fertilizer characterization

In this study the nano-fertilizer used was iron oxide (Fe,O3) obtained by wet chemistry methods in the
form of magnetic and semiconductor nanoparticles of iron oxide (maghemite (y-Fe;03)). The shape and size
were determined by Scanning Electron Microscopy (SEM) (Figure 1) and Transmission Electron Microscopy
(TEM) (Figure 2). According to the information provided by the manufacturer, the nanoparticles have an
average size of less than 50 nm and a purity level of 99.7 % (Figure 3). The nanoparticles were obtained from
the Mexican company Investigacién y Desarrollo de Nanomateriales S.A. de C.V.

500 nm
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Figure 3. Elemental analysis (chemical characterisation) using Energy-dispersive X-ray spectroscopy
(EDX)

Plane sampling

The plants were sampled at 60 days after sowing, at full pod development. All the leaf samples were taken
in the mature state. At the time of sampling, the fresh material was used to quantify biomass, fruit production,
nitrate reductase (NR) activity in vivo (EC 1.6.6.1) and quantification of photosynthetic pigments. Part of the
fresh material was dried in an oven, and later it was used to determine the iron content of the leaves. Four
repetitions per treatment were used for each variable analysed.

Plant analysis
Biomass
The production of foliar biomass was obtained from the average weight per plant based on dry matter

(gd.w.).

Yield
The yield of the plant was expressed as the average weight of the fruits per plant and expressed in grams

of fresh weight (g f.w).

Assay of the enzymatic activity of nitrate reductase (EC 1.6.6.1)

In a reduction process, the enzyme nitrate reductase transforms nitrates (NO5) into nitrites (NO5). To
quantify it, the method proposed by Sinchez et a/ (2004) was used. The leaves were cut into cylindrical sections
of 5 mm in diameter and the sample was placed in 10 ml of incubation buffer (10 mM of 100 mM potassium
phosphate buffer, pH 7.5) and 1% (v/v) of propanol. The samples were infiltrated, and the intracellular spaces
of the tissues were washed with buffer using a vacuum (0.08 MPa). After five minutes, the vacuum was released,
and the samples were re-evacuated; They were incubated at 30 °C in the dark for one hour and then placed in
boiling water to interrupt Nitrate Reductase (NR) activity. NO, were determined by spectrophotometry at
540 nm in a reaction mixture consisting of 2 cm® of extract, 2 cm’ of 1% sulfanilamide (m/v) in 1.5 M HCl and
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2 cm’® 0.02 % (m/v) N-(1-Naphthyl dihydrochloride)-ethylenediamine in 0.2 M HCI (NR + NOy), following
the same method but using a modified incubation buffer containing 50 mM KNOs. The NR induced by NO3’
and Mo (NR + NOs + Mo), and the NR induced by NO3 and Mo (NR + NO5 + Mo), were also determined
using a modification of the incubation buffer containing 20 mM NaMoQOs and KNOj3 plus 50 mM NaMoOg
20 mM, respectively. The resulting nitrate concentration was also determined spectrophotometrically.

Photosynthetic pigments

The method used for the extraction and quantification of pigments from the leaf was the method
described by Wellburn (1994). The total chlorophyll concentration was quantified by extraction with
methanol and absorbance measurement. Foliar discs of 7 mm in diameter corresponding to 0.15 g of fresh plant
material (leaves) were weighed and placed in test tubes with 10 mL of pure methanol (CH;OH). The tubes
were stored at room temperature, in the dark and for 24 h. Subsequently, the absorbance was measured at 653
nm (chlorophyll b, chl b) and 666 nm (chlorophyll a, chl a). The total content of chlorophyll was expressed in
mg g’ of fresh weight (f.w.). The content of foliar pigment was estimated using the following equations:

Chlorophyll a: (15.65*A666) -(7.34*A653)

Chlorophyll b: (27.05*A653) -(11.21*A666)

Determination of iron content

Fe concentration was determined by an Inductive Couple Plasma Optical Emission Spectrometer
(Agilent Technologies 700 Series ICP-OES, California, USA), according to the method described by Karacan
and Aslantas (2008). Fe concentration was expressed in mg kg of dry weight.

Quantification of amino acids and proteins

The amino acids and proteins were determined after homogenization of 0.5 g fresh samples in 50 mM
cold KH,POj buffer at pH 7 and centrifugation at 12000 x g for 15 min. The resulting supernatant was used
for the determination of total amino acids by the ninhydrin method (Yemm er a/, 1955). Total free amino
acids were expressed as mg glycine g* fresh weight (FW). Soluble protein was measured with Bradford G-250
reagent (Bradford, 1976) and expressed as mg g' FW, using bovine serum albumin (BSA) as standard.

Statistical analysis

The data obtained were subjected to analysis of variance. To determine differences between means of
the treatments, the LSD test was used at 95%, using a statistical software called SAS 8 (SAS Inst. Inc. Cary,
NC). The data shown are mean values + standard error (s.c.). The levels of significance were represented by *
P <0.05," at P < 0.01,** P < 0.001 and NS, not significant.

Results and Discussion

Biomass and yield

The increase in biomass is one of the essential parameters for determining nutrient efficiency in crops
(Szarka er al, 2012). The present study showed that the highest accumulation of biomass was found in the
chelate treatments at a dose of 50 ppm, followed by NPs-Fe50 and S25 which had an increase of 46%, 35% and
31% respectively, in comparison to the control in which no application was used (Figure 4). These results are
consistent with those reported by Riu er a/ (2016), who did not obtain significant differences in biomass
accumulation between iron oxide NPs (Fe;O;) and iron chelate (Fe-EDTA) treatments in peanut crops. Doses
above 50 ppm for NPs-Fe and chelate could be considered high or toxic for the plant because above these doses
the total biomass accumulation decreases. Previous studies revealed that the exposure of plants to nanoparticles
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can alter the nutrient uptake and lead to several biological activities, causing variations in growth and yield in
different plant species (Kanwar et al, 2019).
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Figure 4. Effect of foliar application of ferric sulfate (Fe,(SO4)s), iron oxide nanoparticles (Fe,O3) and iron
chelate (EDDHA) on the total biomass of green beans cv. ‘Strike’

Data are means * s.c. Different letters show statistically significant differences

Other important agronomic parameters are the production, where the biological yield of the crops can
be observed (Rawat er al, 2017). In the present study, Fe-Nano treatment at a dose of 25 ppm favored
maximum fruit production with significant increases of 88% in comparison to the control where no application
was used. The $100 and C100 treatments had the highest increase (81 % and 77 %) respectively, in comparison
to the control (Figure 5). Previous studies reported by Sheykhbaglou ez a/ (2010), showed a 48% increase over
the control treatment, when iron nanoparticles were applied to the soybean yield. On the other hand, Drostkar
et al. (2016), also reported positive results for foliar application of iron oxide nanoparticles (Fe,Os) with a 47
% increase in chickpea crops, compared to the control. This could be due to the quick release of soluble iron
ions from the nanoparticles, characterized by their small size and large surface area (Kandpal ez a/, 2014). This
results in higher physiological traits that may be toxic or beneficial to some crops - such as increased yield -
compared to chelate and sulfate sources.
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Figure 5. Effect of foliar application of ferric sulfate (Fe2(SO4)s3), iron oxide nanoparticles (Fe;O3) and iron
chelate (EDDHA) on the yield of green beans cv. ‘Strike’

Data are means = s.e. Different letters show statistically significant differences.
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Nitrogen assimilation

Nitrate reductase (NR, EC 1.6.6.1) is the key enzyme, responsible for the reduction of nitrate to nitrite
asa first step in the plant's nitrogen assimilation (Yaneva et a/, 2000). Nitrogen is an essential element for plant
growth and development, needed to carry out a variety of processes and it is the main constituent of amino
acids and proteins. In the present study, we can observe significant differences in the enzymatic activity of the
NPs-Fel00 and C200 treatments with increases of 71% and 72% respectively compared to the control. While
with sulfates there were no significant differences between the treatments and the control (Figure 6a). If the
results of Figures 4 and 5 are considered, this increase in NR activity does not seem to be related to the increase
in biomass and yield. Nevertheless, when adding a substrate (in this case nitrates) it was observed that the
activity of the enzyme increased in comparison to the treatments where no nitrates were added (Figure 6a and
6b), it was probably due to the fact that it physiologically lacked this nutrient, which functions as a substrate to
activate the NR enzyme. These increases in the treatments also correspond to the doses with the highest
accumulation of biomass (Figure 4). Therefore, high NR activity in plant material indicates higher efficiency
in reducing nitrogen to the aminic forms within the plant material so that it can be used for growth and
development. This is consistent with what has been reported by several authors who conclude that proper
nitrogen assimilation is shown to be reflected in biomass production (Sinchez ez al, 2006).
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Figure 6. Effect of foliar application of ferric sulfate (Fe,(SO4)s), iron oxide nanoparticles (Fe,O3) and iron
chelate (Fe-EDDHA) regarding the endogenous (a) and induced with NO5™ (b) NR activity

Data are means = s.e. Different letters show statistically significant differences.

Content of phorosynthetic pigments

Photosynthesis is a very important process in which plants convert the energy of sunlight into chemical
energy to grow and develop (Kanwar et a/, 2019). Iron is a structural component of several porphyrin ring
molecules, such as cytochromes, hemes, ferricromes, and leghemoglobin (Askary er al, 2016). Most Fe-
containing enzymes are involved in oxidation-reduction reactions in respiration and photosynthesis
(Mohammad et a/, 2013). In the present study, the total chlorophyll content in bean leaves was similar for
most of the assessed treatments. The highest increases were 18% for C100, 17% for S25 and 6% in NPs-Fe50
in comparison to the control where no application was used (Figure 7). In the case of NPs, this increase was
similar to treatment with a higher accumulation of total biomass (Figure 4), which could be related to the fact
that at this dose there is a better assimilation of iron, since it is a co-factor of many enzymes that accelerate the
growth and development processes of plants (Feizi er a/, 2013). On the other hand, in Figure 7 it can also be
observed that the lowest concentration of chlorophylls was for NPs-Fe25 treatment; however, this could be
due to the fact that at this dose the plant reached its physiological maturity faster compared to the other
treatments and therefore started to decrease the concentration of pigments in the leaves to translocate nutrients
to the fruit, given that this treatment reached the maximum fruit production compared to the control (Figure

5).
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Figure 7. Concentration of photosynthetic pigments as a result of the foliar application of ferric sulfate
(Fe2(SO4)3), iron oxide nanoparticles (Fe,O3) and iron chelate (Fe-EDDHA) in green beans

Data are means + s.c. Different letters show statistically significant differences.

Aminoacids and proteins

The main products of nitrogen assimilation in plants are mainly amino acids and proteins (Sdnchez ez
al, 2004). In the present study, we can observe that the foliar application of iron nanoparticles had increases in
the amino acids content in the C25 and NPs-Fel00 treatments, with increases of 27% and 19% respectively
compared to the control. In the same way that proteins, sulfate treatments did not have significant differences
between treatments and control (Table 2). In this case, nanoparticles were less favored compared to chelates at
low doses, this could be due to the increase in soluble protein content (Table 2) where the highest protein
concentration was found in the NPs-Fe50 treatment. Previously, Rui ez a/ (2018) reported a decrease in the
amino acids content in peanuts treated with iron oxide (Fe;O3;) compared to the control. Amino acids
concentration can also be influenced by NR activity in plant material, since nitrogen is one of the main
components of amino acids and proteins, fundamental components for the growth and development of plants
(Sanchez er al, 2006). In the case of nanoparticles, the highest concentration of 100 ppm also corresponds to
the highest activity of the NR enzyme (Figure 6a). So, it is important to optimize the doses in different crops
since amino acids are one of the main indicators to assess the nutrition and quality of the crops (Zhang ez al,
2016).

Table 2. Effect of foliar application of ferric sulfate (Fe;(SO4)3), iron oxide nanoparticles (Fe;O5) and iron
chelate (EDDHA) on the concentration of amino acids in leaves of green bean plants

Fe Dose (ppm) Concentration of amino acids (mg g’ fw.)
Sulfate Chelate Fe-Nano
0 2.61cd 2.61cd 2.61cd
25 2.52d 3.58a 2.45d
S0 2.95 abcd 2.58 cd 2.82 bed
100 2.87 bed 2.72cd 3.24 abc
200 2.62cd 3.47 ab 2.89 abcd

Data are means + s.c. Different letters show statistically significant differences.

Regarding protein concentration, the foliar application of NPs-Fe50 and C200 had significant increases
of 24% and 20% in protein content compared to the control. While with sulfates there were no significant
differences between treatments and control (Table 3). Similar results were reported in a study carried out by
Wang et al (2016), where the soluble protein content in watermelon leaves treated with y-Fe,Os at 50 mg L™
increased by 24.8% in the fourth week, compared to the control. So, we can assume that these nanoparticles
work better at low doses and that, as with biomass, the use of high doses generates alower protein concentration
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than the control without application. Previous studies have reported that high doses of Fe nanoparticles
generate an excess of reactive oxygen species, which can affect amino acids, fragment peptide chains and
consequently have a greater susceptibility to proteolysis. (Sharma e a/, 2012).

Table 3. Effect of foliar application of ferric sulfate (Fe>(SO4)3), iron oxide nanoparticles (Fe;Os) and iron
chelate (EDDHA) on the concentration of proteins in leaves of green bean plants. Data are means + s.c.
Different letters show statistically significant differences.

Concentration of proteins (mg g’ f.w.)
Fe Dose (ppm) Sulfate Chelate Fe-Nano
0 6.02cd 6.02cd 6.02cd
25 6.19 bed 7.52 abc 5.94 cd
50 6.98 abcd 6.46 abcd 791 a
100 6.99 abcd 7.19 abed 7.20 abed
200 7.50 abc 7.68 ab 5.73d

Iron content

Micronutrients such as Fe play an important role in plant metabolism. Fe is one of the structural
elements of organic components because it is a co-factor in many enzymatic reactions and it is also present in
the proteins that participate mainly in photosynthesis, nitrogen and sulfur assimilation (Van Hoewyk et al,
2007). In the present study, the highest concentrations of iron content in leaves were obtained for the S100,
C200 and NPs-Fe50 treatments with increases of 19%, 7% and 11% respectively in relation to the control
(Figure 8). In the case of the NPs treatment, the highest increase in iron content compared to the control was
at its dose of 50 ppm, which also corresponds to the greater accumulation of biomass. On the other hand, the
high dose of this treatment presented the lowest Fe concentration, and, at the same time, it presented a lower
biomass accumulation (Figure 4), which could indicate that at high doses the Fe is not efficiently supplied to
other parts of the plant, causing a possible toxicity. High Fe levels can cause a variety of effects in plants such as
delayed root and shoot growth, altered photosynthesis and decreased chlorophyll concentration (Ravet ez al,
2009).

250 a
200
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50

Fe content (mg kg )

Sulfate Chelate Fe-Nano

Foliar application of iron
m0 =25 m50 m100 = 200

Figure 8. Iron mineral content in leaves as a result of the foliar application of ferric sulfate (Fez(SO4)s),
iron oxide nanoparticles (Fe,O;3) and iron chelate (Fe-EDDHA) in green beans

Data are means = s.e. Different letters show statistically significant differences.

Based on these results, it is postulated that the main growth indicators such as biomass and yield were
favorable for low-dose nanoparticles. Other treatments such as S100 and C200 also showed positive results as
mentioned above; nevertheless, even if the sulfates responded favorably in some cases with low doses, this dose
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did not encourage fruit production which would imply an increase in the dose to increase production (Figure
5). Meanwhile, the chelates responded proficiently to the NPs, but mostly at high doses. In the same way, Sida-
Arreola er al (2015), found that high doses of chelate had a higher concentration of Fe in bean fruits, obtaining
increases of 8 and 28% in relation to the control without application. Also, Ghafari and Razmjoo (2013), found
increases in Fe content when applying doses of 8 g. L chelate in wheat plants. These results together with those
obtained in the present research work allow us to suppose that to obtain high concentrations of Fe in plant
tissues it is necessary to apply doses above 100 ppm of chelate, however, more research must still be done in this
regard.

Therefore, with iron oxide NPs a higher yield was achieved using smaller doses, demonstrating that the
nanoparticles have positive effects at right doses in green bean plants. On the other hand, the plants exposed to
NPs, also they had accelerated effects in the physiological maturation (data not shown), since the plants treated
with NPs managed to mature in less time using the lower dose, also achieving a larger production of fruits, in
comparison with the other treatments. It is known that these nanoparticles provide a more soluble form of
these elements due to their high reactivity, so they are somewhat more effective (Zia-ur-Rehman er al, 2018).
Nevertheless, crops may respond differently as they are not only subjected to the effects of these NPs but also
to external factors.

Conclusions

The optimal doses that enhanced total biomass, yield and assimilation of nitrogen were $25, C100 and
NPs-Fe25. The efficiency of foliar absorption of iron was found in treatments with NPs-Fe50 and NPs-Fe100.
NPs can have a great potential as nano-fertilizers if they are applied in optimal concentrations and in the stages
of highest demand of each crop, since it is evident that the effect of NPs varies from one plant to another and
depends on the application method, size and concentration. Finally, it is worth mentioning that more research
is needed to explore the whole action scope of NPs, namely their interaction with biomolecules, their impact
and their effect against external factors that influence plant growth.
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