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ARTICLE INFO ABSTRACT
Keywords: High bicarbonate concentration in the soil induces iron (Fe) deficiency in fruit trees. According to
Hydrogen peroxide the promising performance of nanomaterials in supplying mineral nutrients, in this study the

Lime-induced chlorosis potential of 4 green synthesized Fe nano-complexes (Fe-NCs) on alleviating bicarbonate stress in

almond trees was evaluated in a soilless culture. The Fe-NCs were formed on extracts of husks of
almond, pistachio, walnut, and pomegranate and their efficiency in Fe supply was compared to a
commercial FeEDDHA fertilizer. The bicarbonate stress was imposed by adding sodium bicar-
bonate + calcium carbonate to the Hoagland’s nutrient solution: Control (without sodium bi-
carbonate + calcium carbonate); 10 mM NaHCOs+5 mM CaCOj3; 20 mM NaHCO3+10 mM
CaCOs. The plants were irrigated with nutrient solutions containing different concentrations of
bicarbonate and different sources of Fe for 120 days. Bicarbonate stress induced chlorophyll
decline, proline accumulation and leaf necrosis, and decreased leaf area. These responses were in
line with decline in Fe concentration and development of oxidative damage in leaves, as hydrogen
peroxide accumulation and membrane stability index decline were observed in the bicarbonate-
stressed plants. Although walnut-nFe and pistachio-nFe intensified these adverse effects of bi-
carbonate stress, the almond-nFe and pomegranate-nFe recovered chlorophyll concentration,
alleviated the oxidative damage, and restored Fe in the plants to the range of FeEDDHA under
bicarbonate stress. Alleviating the damages was related to retrieving the concentration of pro-
teins, hydrogen peroxide detoxification, and catalase activity in the leaves. These findings un-
covered the potential of green synthesized almond-nFe and pomegranate-nFe as low-cost and
effective Fe sources under bicarbonate stress.

Nanofertilizer
Proteins
Oxidative damage

1. Introduction

Iron (Fe), as an essential micronutrient, is required for the health and functioning of the photosynthesis system of plant crops. In
addition to chlorophyll biosynthesis and chloroplast health, electron transport in the chloroplast and mitochondria and the function of
some enzymes are dependent on Fe supply [1]. Therefore, a shortage of physiologically active Fe lowers the efficiency of photosystem
II Fv/Fm photochemistry and photosynthesis capacity of crops [2]. Moreover, Fe as the prosthetic group of antioxidant enzymes
catalase and peroxidases involves in hydrogen peroxide detoxification in the cell [3]. Despite the important roles of Fe in cell function
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and metabolism, Fe deficiency is a widespread nutritional disorder in plants [4]. Fe deficiency causes chlorosis and necrosis of young
leaves which in severe conditions results in shoot dieback and decreased plant productivity [5,6]. Fe deficiency is associated with
several edaphic factors, including high bicarbonate content, high pH, high redox potential, and low content of organic matter [7].
These conditions are dominant in the calcareous alkaline soils of arid and semi-arid areas [6] and the Fe deficiency disorder symptom
in these soils is known as lime-induced chlorosis. The high concentration of bicarbonate in alkaline and calcareous soils prevents the Fe
absorption by the root and its translocation to the shoot [8].

Bicarbonate can maintain a high pH (7.5-8.0) in the medium, due to its pH buffering capacity. This situation reduces Fe solubility
in the soil and root Fe reductase activity which has an optimal pH of about 5.0 [9]. Bicarbonate can also induce iron chlorosis by
alkalinizing the leaf apoplast, which reduces Fe III reduction and iron uptake by leaf mesophyll cells [10]. Bicarbonate stress probably
by reduction of H™ extrusion and the imbalance between C and N metabolisms prevents Fe translocation to shoots [9]. In addition to
pH-mediated effects, bicarbonate can intensify the Fe deficiency by preventing the induction of Fe reductase activity in Fe-deficient
Strategy I plants [11]. Fe-deficient plants are characterized by stunted growth and low productivity and interveinal chlorosis in the
youngest leaves. Reduced yield and increased management costs are the consequences of Fe deficiency in calcareous alkaline soils
[12].

The application of synthetic chelated fertilizers is of vital importance for supplying Fe in alkaline and calcareous soils [13].
FeEDDHA is the most successful Fe chelate that is currently the most widely used Fe fertilizer in agriculture [14]. High prices and low
content of iron are the major disadvantages of this fertilizer [15]. Furthermore, potential toxicity to some species also may restrict their
applicability [15,16]. Therefore, the investigation and development of new Fe sources are required for sustainable crop production in
alkaline and calcareous soils [12].

The nanomaterials science is a novel window on the mineral nutrition of plant crops. Nanomaterials are increasingly used in
agriculture and represent new ideas and directions for global crop production [17,18]. Nano fertilizers have shown the potential to
increase the efficiency of mineral nutrients and provide mineral requirements of plants along with imparting sustainability to crop
production systems [19]. The development of nanomaterials has led to the manufacturing of innovative agrochemicals and novel
delivery mechanisms for promoting plant productivity and fertilizer use efficiency [20]. Studies have proved that the application of
nano fertilizers minimizes the potential negative effects associated with overdosage, and reduces the frequency of fertilization [21,22].
Rui et al. [23] proved that Fe nanoparticles can successfully replace traditional chelated Fe fertilizers in peanut production. Liu et al.
[24] showed that application of Fe nanoparticles significantly stimulated the growth of lettuce seedlings in hydroponics. Alidoust and
Isoda [22] demonstrated that the phytotoxicity of Fe nanoparticles is lower than micro-sized fertilizers under reductive conditions.
Other researches have also shown that the use of nanofertilizers has increased the plant’s tolerance to the mineral nutrients stress and
other environmental stressors [25]. By regulating the antioxidant enzyme system and levels of proline and phytohormones such as
gibberellin-3, abscisic acid, zeatin riboside and indole-3-acetic acid, CeO2 nanoparticles reduced oxidative membrane and DNA
damage and increased plant tolerance to N stress [26]. Application of nanoparticles induces stress/immune responses by signaling and
activating defense-related pathways, such as plant hormone signal transduction, glutathione metabolism, flavon and flavonol
biosynthesis, MAPK signaling pathway, and plant-pathogen interaction. In this way, the application of nanoparticles not only stim-
ulated germination of rice under stress conditions, but also increases the tolerance of seedlings against biotic and abiotic stresses [27].
Therefore, Fe nanomaterials have a high potential for achieving sustainable agriculture by enhancing production efficiency and
minimizing damage to lands and water resources [19]. In an earlier study, we discovered that FeEEDDHA and nano-Fe particles
complexed with salicylic acid were equally effective at supplying plant requirements under bicarbonate and high pH stress. Addi-
tionally, the plants that received the Fe-NC demonstrated higher salinity tolerance, compared to plants treated with FeEDDHA, [12].

Complexing nanoparticles with organic compounds increase their stability and acquiring function. These compounds may have
advantages such as increased stability/solubility, higher absorption or translocation, progressive release, and, in some cases,
controlled delivery [28]. As a progressive step towards the development of greener and more sustainable systems, efforts have lately
been undertaken to generate agrochemicals using food and agricultural by-products. The appeal of using wastes of food and fruit
residues to lessen chemical use has increased. NCs have been synthesized using banana and tea wastes, grape and orange peels, orange
and banana peels, papaya peels, and sugarcane bagasse [29,30]. The electrochemical and antibacterial characteristics of palladium,
gold, and silver nanoparticles produced from Cissus quadrangularis stems were studied by Anjana et al. [31]. Behravan et al. [32]
produced NCs via a green synthesis method using fruit peel waste. However, the characteristics of the generated NCs were strongly
influenced by the type and composition of the organic matter used. Thousands of tons of waste are produced annually from pome-
granate, pistachio, almond, and walnut husks that can be used in green synthesis of nanomaterials. These residues are a rich source of
bioactive compounds such as flavonoids (anthocyanins, catechins, and other complex flavonoids), hydrolyzable tannins (peduncu-
lagin, punicalin, punicalagin, and ellagic and gallic acids), and phenolic acids (hydroxycinnamic and hydroxybenzoic acids), which
have been demonstrated to have high affinity to Fe [20,33-35]. Therefore, in the current study novel nano Fe complexes were syn-
thesized from pomegranate, pistachio, almond, and walnut husks to develop inexpensive and environmentally friendly Fe sources to
use in alkaline calcareous conditions. The effectiveness of these compounds in supplying Fe was compared with a commercial
FeEDDHA fertilizer, by evaluating the growth, health, and performance of almond trees in a controlled environment. Stone fruits,
including almond (Prunus dulcis Mill.), are sensitive Fe deficiency in calcareous alkaline soils [36]. Fe deficiency adversely affects
growth and yield and increases management costs of stone fruits in arid and semi-arid regions, where bicarbonate stress is prevalent
[37]. The production of novel and environmentally friendly fertilizers to supply Fe in bicarbonate-rich soils is an important man-
agement strategy to reduce the risk of environmental damage while increasing the productivity of plant crops.
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2. Material and methods
2.1. Synthesis of Fe NC

Husks of pomegranate, walnut, pistachio, and almond were dried at 70 °C for 96 h. The dried husks were grinded to fine powders
and separately extracted by distilled water at 60 °C for an hour. After being filtered with filter paper, the content of total phenols was
measured in the samples and then, the extracts were utilized to green synthesis of Fe-NC. The total content of phenols in the extracts
was determined by the Folin-Ciocalteu test. According to Sohrabi et al. [38]. The extracts were diluted in double distilled water (1:1, v:
v) and 62.5 pL of Folin—Ciocalteu reagent was added to 62.5 pL of the diluted extracts. After 5 min, 125 pL of 0.1 M sodium carbonate
and 1 mL of deionized water were added. The samples were kept in a dark room for 2 h and then centrifuged. The absorbance of the
supernatants was measured at 760 nm using a spectrophotometer (PerkinElmer, Lambda 25, USA). The results were expressed as a
mean of gallic acid equivalent.

In accordance with our most current research, 20 mL of each extract was mixed with 80 mL of 20 mM iron (III) chloride (FeCl3) to
synthesize green nano Fe with specific modifications [28]. Using an ultrasonic probe and sonication settings (amplitude of oscillation:
80 %; duration: 30 min), the mixes were sonicated. Each NC undergoes a color change in the reaction solution at this point, signifying
the formation of a Fe-NC. Following centrifugation for 15 min at 3000 rpm, the products were separated and then they were
continually washed with ethanol and deionized distilled water to remove impurities. The remaining ingredients were dried at 80 °C for
4 h. The dried Fe-NCs were grinded and fine powders were examined and characterized using Transmission Electron Microscopy
(TEM) at 100 kV (Ziess, EM-900) and Attenuated Total Reflection - Fourier Transform Infrared Spectrophotometry (ATR-FTIR) (Tensor
1).

2.2. Plant material and growing conditions

The plant material was two-year-old ’Shahroud-18 almond trees grafted on bitter almond seedling rootstock. The trees were in pots
containing a loamy soil. At the end of the growing season, uniform trees were selected for the experiment and defoliated by foliar
application of zinc sulfate 5 % and transferred to cold storage (4 °C). After 30 days, the plants were removed from the pots. Their roots
were completely washed off the soil, and the plants were transferred to large plastic pots (25 x 30 cm) containing 9 kg of washed sand
+ perlite (2:1 v/v). The plants were grown in a greenhouse with average temperatures of 32/25 day/night and relative humidity of 40
%. Fe-free Hoagland’s nutrient solution with a 3-day interval was used for irrigation of the plants.

2.3. Treatments and the experimental design

Thirty days after the bud break, the plants were subjected to different concentrations of bicarbonate and different Fe sources in the
nutrient solution. The bicarbonate was added to the nutrient solution as different concentrations of sodium bicarbonate + calcium
carbonate. The treatments were Control (0.0 mM NaHCOj3 + 0.0 mM CaCOgs, pH = 7.1); 10 mM NaHCOs3 + 5 mM CaCOj3; and 20 mM
NaHCOs3 + 10 mM CaCOs. The bicarbonate-containing solutions had a pH of 8.1 + 0.1. The Fe source treatments were Fe-free solution
and four nano Fe NCs with different chelating agents (extract of the husk of walnut, pistachio, almond and pomegranate), and a
FeEDDHA fertilizer (4.8 % [0-0]EDDHA chelated, Eurosolids®, Spain). In these treatments, Fe concentration was equal to the standard
level of the Hoagland’s solution (50 pM). The treatments were arranged as a factorial experiment based on a completely randomized
block design with four replicates. 120 days after starting the treatments, the physiological and biochemical responses of the plants were
investigated.

2.4. Measurement of parameters

2.4.1. Plant growth

Leaf area was measured by a leaf area meter (ADC Bioscientific, UK). The number of plant leaves and the number of necrosed leave
were counted and the percentage of necrosed leaves were calculated. For measurement of specific leaf mass (SLM), 15 leaf discs with
5.0 mm diameter were dried at 70 °C for 72 h and their dry mass was measured. The SLM was calculated according to the following
equation (Eq. 1).

SLM = Dry mass of leaf disc'S/ Area of leaf discs Eq. 1

2.4.2. Leaf chlorophyll concentration

Concentration of chlorophylls was determined in fully expanded young leaves on top of the shoot. Leaf samples were homogenized
in 80 % acetone. After centrifugation, the extracts were brought to a final volume of 10 ml using 80 % acetone. Absorption of the
samples was measured at 663.2 and 646.8 nm, and concentrations of the pigments were calculated using the formula developed by
Lichtenthaler [39].

2.4.3. Membrane stability index
The plasma membrane stability index (MSI) was determined by measuring electrolyte leakage in fully expanded young leaves [40].
Twenty uniform leaf discs were floated in 10 ml deionized water and incubated at 40 °C for 30 min. After measuring their initial
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electrical conductivity (C1), the samples were heated in boiling water for 10 min. The electrical conductivity was measured for the
second time (C2) and the MSI was calculated using the following equation (Eq. 2):

MSI=1-— (Cl/c2> x 100 Eq. 2

2.4.4. Proline concentration in leaves

To measure proline, 500 mg of dried leaf samples were extracted in 3 % sulfosalicylic acid. After infiltration, to 2 ml of the filtered
extract, 2 mL of acetic acid and 2 mL of ninhydrin acid reagent were added. The resulting solution was heated in boiling water bath for
1 h. The resulted chromophores were extracted with toluene and absorbance of the samples was measured using a spectrophotometer
at 520 nm [41].

2.4.5. Oxidative damage indices

Hydrogen peroxide (H202) concentration in the leaves was determined according to the method developed by Velikova et al. [42].
Leaf tissue was extracted with cold trichloroacetic acid (TCA) in potassium phosphate buffer. After centrifuging, KI was added to the
samples. The light absorbance of the samples was measured at 390 nm by spectrophotometry (PerkinElmer, Lambda 25, USA).

Leaf samples were homogenized in cold TCA to quantify malondialdehyde (MDA) concentration in leaves. After centrifugation, the
supernatants were mixed with thiobarbituric acid in 20 % TCA. The samples were heated in a boiling water bath for 30 min and the
absorbance of the samples was measured at 532 and 600 nm using a spectrophotometer (PerkinElmer, Lambda 25, USA). The MDA
concentration was calculated using an extinction coefficient of 155 mM cm ™~ after withdrawing the non-specific absorbance at 600 nm
[43].

2.4.6. Concentration of proteins and catalase activity in leaves

For measurement of total protein concentration and activity of the antioxidant enzyme, catalase, 1 g of leaf tissue was homogenized
in 50 mM sodium phosphate buffer. After centrifuging at 12 kg at 4 °C, the concentration of proteins in the supernatant was determined
according to the method developed by Bradford [44]. Catalase activity also was determined in the prepared samples according to the
method described in Cakmak and Marschner [45].

2.4.7. Fe content of leaves

Leaf samples were washed with a regular dishwashing liquid, and rinsed with deionized water. The leaves were oven-dried at 70 °C
for 70 h and then ground to obtain a fine powder. The samples were ashed in an electric furnace and analyzed for total Fe by atomic
absorption spectrometry (Agilent 240 AA, Agilent Technologies, USA). The data were expressed as Fe concentration per dry mass of
leaves and Fe content in leaves of the plants.

2.5. Statistical analyses

The treatments were arranged as a factorial experiment (6 Fe treatments x 3 bicarbonate treatments) based on a completely

Walnut-nFe Pistachio,fp,F (5

C)

Fig. 1. Transmission electron micrographs of the nano-Fe complexes used in this study.
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randomized block design with four replications. In sum, 72 plants were used in this experiment. After an analysis of variance (ANOVA),
the means were separated by Duncan’s multiple range test (DMRT) at P < 0.05. Data analyses were performed by SPSS v 21.0 software.

3. Results

The formation of nano Fe complexes was investigated by taking transmission electron micrographs at 100 kV and the Fourier
transform infrared spectroscopy (FT-IR). Transmission electron microscopy confirmed the formation of Fe complexes at the nanoscale
(Fig. 1). The size of the nano-complexes was between 10 and 25 nm.

Fig. 2A and b represent the FT-IR spectra of the green synthetic Fe-NC and almond husk extract, respectively. Stretching bands at
3421 cm ™! are observed in the FTIR spectrum of the almond husk extract (Fig. 2A) for OH functional groups like alcohols, phenols, and
carboxylic acids. Saturated hydrocarbons (Csp 3-H), carbonyl group (C]O) stretching, C]C aromatic ring stretching, C-O stretching,
aromatic, C-H out of plane bending, and O-H out of plane bending vibrations, respectively, are related to absorption bands at 2926 and
2855, 1608, 1698, and 1457, 1216, 1073, 826, and 771 cm ™. Fig. 2B displays the synthesized Fe NC’s FTIR spectrum. It demonstrates
that multifunctional groups are present on the Fe-NC surface. As a result of biomolecules capping onto the surface of NC, this suggests
that almond husk extract plays a significant role in the reducing and stabilizing of Fe NC. However, the interaction between Fe and the
phytochemical active sites in the almond husk extract for the production of NC results in a variation in the shape and shift of the
absorption bands.

Fig. 2c and d represent the FT-IR spectrum of the Fe-NC that was synthesized using pistachio husk extract. According to the FT-IR
spectrum for Fe NC, surface hydroxyls and coupled pistachio husk extract molecules were found on Fe. Both the strong peak at 3370
em ! and the peak at 3570 cm™! are caused by the O-H group that is free from hydrogen bonds. The presence of molecules from
pistachio husk extract in the synthesized iron nano-complex was shown by the peaks at 3305 and 3370 cm ™. In contrast to the FT-IR
spectrum of pure pistachio husk extract, the band at 1012 cm™! is due to the C-O stretching vibration organizing to iron metal cations.
Fig. 2C suggests that hydrogen bonds may have formed between the molecules of the pistachio husk extract and the iron components.
The alkyl chains in the pistachio husk extract are thought to be responsible for the absorption bands at 2815 and 2915 cm™'. The
hydrogen-bonded hydroxyl groups and the bending mode of the hydroxyl group in water are responsible for the peaks at 3305 cm ™!
and 1623 cm ™. The Fe-OH bond is seen by the peak at 1407 cm~!. The Fe—OH vibrations are indicated by the peak at 1013 cm™*. The
Fe-O-H bond is responsible for the peaks that were seen at 416 cm ™' to 932 cm ™ '. These variations show that the pistachio husk
extract functions as a capping and dispersing agent for an artificial iron nano-complex.

The FT-IR spectra of the green synthesized Fe-NC and the husk extract of walnut were similar to one another, as shown in Fig. 2e
and f, and alterations were seen in the peaks’ magnitude and quantity. The OH functional groups of alcohols and phenolic compounds
may be responsible for the two different peaks at 3413 cm™! and 3410 cm 1. The observed peaks at 2926 cm ™! and 2927 cm ™! might
be due to alkanes spanning from C to H. Fe-NC spectra had a peak at 1707 cm ™!, which was likely caused by C]O stretching. There are
two distinct peaks at 1564 cm ! and 1601 cm ™! that are connected to the vibration of C]C stretching and the frequency of C]O
stretching, respectively. The two distinct peaks at 1369 cm™! and 1401 cm ™! might be the result of C-H deformation and Fe-NC
binding to the carboxylate and hydroxyl groups of various protein residues, respectively. In the Fe-NC spectra, a peak at 1054
cm ! that was present in the extract spectrum was split into two peaks at 1082 cm™! and 1049 cm ™. The C-O vibrational frequency,
the N-C bond stretching of aliphatic amine groups, and the C-stretching of ether groups were each attributed to them. The extract
spectrum’s faint peak at 930 cm ™! was likely caused by alkene groups being stretched along the C-H axis. In the Fe-NC spectra, a peak
at 878 cm™! that was present in the extract spectrum was split into two peaks at 872 cm™! and 834 cm™'. The 834 cm-peak may
correlate to the in-plane and out-of-plane bending of the benzene ring, while the 878 cm™! peak may be related to the stretching
vibration of carbohydrate. We could wrap up by saying that any biomolecule that has these linkages can function as a reducing or
capping agent.

Fig. 2G displays the FT-IR spectra of pomegranate husk extract. The FT-IR spectrum’s several peaks revealed the complexity of
system. N-H stretching of amides, carboxylic acid - OH stretch, and alcohol/phenol - OH stretching vibration, all exhibit a strong broad

Table 1
Effects of Fe sources and bicarbonate concentrations in the nutrient solution on the growth indices and chlorophylls’ concentration in leaves of
almond trees.

Plant leaf area (cm?) Necrosed leaves (%) Specific leaf mass (g/m?) Chlorophylls (ug/g FM)
Fe Source
Fe 1607.2 + 171.7¢ 6.95 + 1.06% 4.26 + 0.16¢ 1236.6 + 111.8°
Walnut-nFe 1537.7 + 150.7° 4.39 + 0.78%° 9.22 + 0.45° 1619.7 + 82.2°
Pistachio-nFe 1694.4 + 147.9° 5.30 + 1.33% 7.06 + 0.96° 1524.7 + 78.4°
Pomegranate-nFe 2002.3 + 262.0% 0.00 + 0.00¢ 8.60 + 0.84"° 1603.8 + 103.4%
Almond-nFe 1888.9 + 134.2%° 2.39 + 0.72"¢ 12.98 + 1.00° 1598.3 + 67.6°
FeEDDHA 1884.4 + 218.8% 3.85 + 1.24° 11.93 + 0.96° 1616.0 + 94.7°
HCO3 (mM)
0 2268.9 + 111.8° 0.00 + 0.00° 8.23 + 0.93% 2001.3 + 65.5%
10 1889.3 + 67.6° 2.00 + 0.41° 8.55 + 0.63° 1677.3 + 80.4°
20 1163.8 + 91.5¢ 12.39 + 1.07% 9.45 + 0.87° 977.5 + 105.4°

Means (n = 4) + standard errors marked by the same letters are not statistically different according to DMRT at P < 0.05.



S. Mohamadi et al. Heliyon 10 (2024) e25322

absorption band at 3411 cm™!. The stretching mode of CHs and CHy, can be used to explain absorption bands at 2938 cm ™. The C]O
stretching in the carboxyl groups or the C]N bending in the amide groups may be responsible for the strong peaks at 1742 cm ™.
Primary amines with an NH stretch are characteristic of the peak at 1623 cm L. Peaks at 1526 cm ™}, 1460 cm ™!, 1364 cm ™, and 1233
cm ™! are identified by C-C-N amines, aromatic —CH stretching vibrations, and NH in secondary amines. The sharp peak at 1064 cm ™
implied the (NH)-C-O group’s stretching vibration. Peaks at 900-526 cm ™! refer to C-N-C, N-C]O, and O-C]O bending mines in
carboxylic acids. The prominent band at 431 cm ™ in the FT-IR spectra of synthetic Fe NC, shown in Fig. 2H and is attributable to the
vibrations of extension and bending of vibratory Fe. Water being absorbed on the surface of Fe-NC is what causes the intense ab-
sorption peak at 3446 cm ™!, which is related to the O-H stretching mode. The structural alterations in the FT-IR spectra showed that
the coordination with OH, -NH, C]O, and C]N helped to cap and stabilize the iron nano-complex. Pomegranate husk extract’s
physicochemical characteristics serve as a capping agent and stop the generated nano-complex from aggregating.

The rate of recovery of polyphenols from the extracts of husks of almond, pistachio, walnut, or pomegranate fruits was 146.8, 32.4,
103.0, and 365.2 mg gallic acid/g dried material, respectively. Details on ANOVA results can be found in the supplemental data
attached to the paper. The effects of Fe source and bicarbonate treatments were significant on leaf area and percentage of necrosed
leaves. The Fe-deficient plants and walnut-Fe-NC received plants had the lowest leaf area. The highest leaf area was observed in
pomegranate-nFe received plants, which was statistically similar to that in the almond-nFe and FeEDDHA treated plants (Table 1).
Increasing bicarbonate concentration in the nutrient solution, significantly reduced plant leaf area. The plants in the control treatment
(0 mM bicarbonate) had the highest leaf area. The lowest leaf area was found under the 20 mM bicarbonate stress condition (Table 1).

The Fe-deficient plants had the highest percentage of necrosed leaves which was statistically similar to that in the walnut-nFe, or

Almond-nFe

Pomegranate-nFe Walnut-nFe e Pistachio-nFe

Fig. 3. Visual comparison of the almond trees in response to Fe deficiency and application of plant based nano Fe complexes under severe bi-
carbonate stress and high pH stress in the Hoagland’s nutrient solution. Application of almond-nFe and pomegranate-nFe complexes were as
effective as FeEDDHA in alleviating adverse effects of sodium bicarbonate stress.



S. Mohamadi et al. Heliyon 10 (2024) e25322

pistachio-nFe received plants. The lowest frequency of necrosed leaves was observed in the pomegranate-nFe received plants, which
was statistically equal to that in the almond-nFe treated plants (Table 1). The percentage of necrosed leaves increased with increasing
concentration of bicarbonate in the nutrient solution. The plants in the control treatment (0 mM bicarbonate) had no necrosed leaves,
and those under the 20 mM bicarbonate stress had the highest percentage of necrosed leaves (Table 1). Fig. 3 visually compares the
almond trees treated with different Fe sources under 20 mM bicarbonate stress in the nutrient solution.

The effect of the Fe source was significant on the SLM. The Fe-deficient plants had the lowest SLM and the application of Fe in the
nutrient solution significantly increased SLM. The highest SLM was found in the almond-nFe and the FeEDDHA-received plants
(Table 1). The effects of Fe source and bicarbonate treatments were significant on total chlorophyll concentration in the leaves. The Fe-
deficient plants had the lowest concentration of chlorophylls in their leaves. The application of Fe significantly increased the con-
centration of chlorophylls in the young fully expanded leaves. Among the Fe complexes, pistachio-nFe resulted in a lower chlorophyll
concentration in the leaves (Table 1). Increasing bicarbonate concentration in the nutrient solution significantly decreased chlorophyll
concentration in the leaves. The plants in the control treatment (0 mM bicarbonate) had the highest chlorophyll concentration in their
leaves. The lowest chlorophyll concentration was found under the 20 mM bicarbonate stress condition (Table 1).

The effects of the Fe source, bicarbonate concentration and their interaction were significant on MSI and proline concentration in
the leaves. According to the interactive effect of the treatments (Fig. 4A), the lowest MSI was found in the Fe-deficient plants under the
bicarbonate stress conditions. Fe application significantly increased MSI in the leaves. The highest MSI was observed in the Fe-received
plants in the absence of bicarbonate stress and no significant differences were found between different Fe sources. Increasing bicar-
bonate concentration in the nutrient solution decreased MSI in the leaves of Fe-received plants. Under the 20 mM bicarbonate stress,
the highest MSI was found in leaves of FeEEDDHA-treated plants, which was statistically similar to that in the almond-nFe received
plants.

Increasing the concentration of bicarbonate in the nutrient solution increased the concentration of proline in the leaves of the Fe-
deficient plants, and the plants treated with pistachio-nFe and FeEDDHA. The highest proline concentration was found in leaves of Fe-
deficient plants and the plants treated with pistachio-nFe and FeEDDHA received plants under 20 mM bicarbonate stress. In almond-
nFe and pomegranate-nFe received plants, no significant change in leaf proline concentration was observed under different levels of
bicarbonate (Fig. 4B).

The effect of bicarbonate stress was significant on the leaf hydrogen peroxide concentration. Hydrogen peroxide concentration in
leaves of plants under 10 mM bicarbonate was similar to that in the control treatment. The application of 20 mM bicarbonate stress in
the nutrient solution significantly increased hydrogen peroxide concentration in the leaves (Table 2). The effect of Fe source or
application of bicarbonate in the nutrient solution on MDA was not significant.

The effects of the Fe source and bicarbonate stress treatments were significant on the concentration of proteins and CAT activity in
the leaves. The concentration of proteins in leaves of the Fe-deficient plants was significantly lower than the Fe received plants
(Table 2). The control plants without the bicarbonate application had the highest concentration of proteins. The application of
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Table 2
Effects of Fe sources and bicarbonate concentrations in the nutrient solution on concentrations of proteins and hydrogen peroxide (H0,), and
catalase activity in leaves of almond trees.

H,0; (pmol/g FM) Proteins (mg/g FM) Catalase activity (Unit/min./mg Protein)
Fe Source
-Fe 36.0 + 2.2° 6.14 + 0.38° 2.23 + 1.06°
Walnut-nFe 31.0 + 2.0° 6.69 + 0.15% 7.33 £+ 0.90°
Pistachio-nFe 34.0 £ 1.7% 6.65 + 0.15% 5.26 + 1.20°
Pomegranate-nFe 33.0 £2.3% 7.04 £0.14* 5.70 + 1.00?
Almond-nFe 31.2 +3.3° 6.65 + 0.15% 7.27 +0.53°
FeEDDHA 32.4 +2.6% 6.73 + 0.13* 6.54 + 1.40%
HCO3 (mM)
0 321+ 1.6° 6.90 + 0.10° 6.35 + 1.20°
10 30.1 £ 1.5° 6.70 + 0.11%° 6.69 + 0.907
20 37.8 + 2.5% 6.50 + 0.22° 4.62 + 0.50°

Means (n = 4) + standard errors marked by the same letters are not statistically different according to DMRT at P < 0.05.

bicarbonate in the nutrient solution decreased concentration of proteins in the leaves and the plants under 20 mM bicarbonate stress
had the lowest concentration of proteins (Table 2). The Fe-deficient plants exhibited the lowest CAT activity in their leaves. Appli-
cation of Fe significantly increased CAT activity in the leaves. Among the Fe treatments, pistachio-nFe treated plants exhibited the
lowest CAT activity (Table 2). The highest CAT activity was found in 0 and 10 mM bicarbonate treatments. Application of 20 mM
bicarbonate in the nutrient solution significantly decreased CAT activity in the leaves (Table 2).

The effects of Fe source, bicarbonate stress, and their interaction were significant on leaf Fe concentration and total Fe content in
plant leaves. Investigating the interactive effect of the treatments indicated that under Fe deficiency condition, the concentration of Fe
decreased with the application of bicarbonate in the nutrient solution; however, no significant difference was found between 10 and
20 mM bicarbonate treatments (Fig. 5A). Application of different Fe sources (except for walnut-nFe) significantly increased Fe con-
centration in leaves of the plants in comparison with the control treatment. By increasing the bicarbonate concentration in the nutrient
solution, leaf Fe concentration increased in the Fe-received plants. The highest Fe concentration was found in leaves of almond-nFe
treated plants under 20 mM bicarbonate stress. (Fig. 5A).

The interaction of Fe source and bicarbonate stress indicated that Fe-deficient trees had the lowest Fe content in the leaves. The
highest Fe content was found in pomegranate-nFe treated plants without bicarbonate stress. Bicarbonate application did not affect Fe
content in the leaves of plants in the Fe deficiency treatments (Fig. 5B). However, Fe content in the Fe NC-received plants decreased
under bicarbonate stress treatments. Application of 20 mM bicarbonate and pistachio-nFe reduced the Fe content of leaves to the level
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Fig. 6. Correlations of leaf proteins’ concentration with chlorophylls’ concentration and catalase activity (CAT) and correlations of leaf chlorophyll
concentration with hydrogen peroxide (H202) concentration and catalase activity (CAT) in almond leaves under different Fe sources and bicar-
bonate concentrations in the Hoagland’s nutrient solution.

of Fe-deficient plants. In the FeEDDHA received plants, the application of bicarbonate did not affect the Fe content of the leaves
(Fig. 5B).

Fig. 6 represents the relationships between total chlorophylls and proteins concentration, hydrogen peroxide content and CAT
activity in the leaves. Accordingly, chlorophyll content was positively correlated with protein content and CAT activity in the leaves.
On the other hand, leaf chlorophylls declined with hydrogen peroxide accumulation in the leaves. A positive correlation was found
between protein content and CAT activity in the leaves (Fig. 6).

4. Discussion

Fe deficiency and bicarbonate stress decreased SLM and leaf area and increased the frequency of necrotic leaves. Stunted growth
due to bicarbonate stress, high pH, and Fe deficiency has been previously reported in other plant species [46-48]. Bicarbonate stress
and Fe deficiency may restrict cell division and growth [49,50] by limitation of stomatal conductance, photosynthesis rate, photo-
system II efficiency [49], restriction of the activity of stromal enzymes and prevention of formation of thylakoid membranes in the
chloroplasts [51]. Therefore Fe deficiency-induced growth limitation appears to be a result of reduced photosynthesis activity. In
agreement, the decrease in SLM confirmed that the photosynthesis activity of the plants was restricted under bicarbonate stress. SLM is
directly related to leaf thickness, cell division, accumulation of reserve carbohydrates in the leaves [52], carbon assimilation rate and
plant vigor [52,53]. The decrease in the SLM in the current study could be a result of chlorophyll decline and oxidative damage of
leaves under Fe deficiency and bicarbonate stress conditions. Similar results were also reported by Tagliavini et al. [54] and Kong et al.
[55].

In addition to the decrease in the photosynthetic area, the decline in the chlorophyll content of leaves decreased the photosynthetic
capacity of the plants under Fe deficiency and bicarbonate stress conditions [56]. Chouliaras et al., [57] and Pestana et al., [58] also
observed chlorophyll decline with increasing bicarbonate concentration and pH in the nutrient solution. The decline in the chloro-
phylls could be related to decreased availability of active Fe under bicarbonate stress [3], which decreases protein biosynthesis and
inhibits chlorophyll biosynthesis by lowering &-aminolevulinic acid and protochlorophyllide formation [3,59]. Moreover, accumu-
lation of reactive oxygen species in the chloroplasts and decrease in antioxidative enzymes (catalase) induce chlorophyll degradation
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and intensify the chlorophyll decline in the leaves under Fe deficiency situations. Therefore, Fe deficiency by damaging the photo-
synthetic apparatus limits carbon dioxide fixation [60,61]. Preservation of chlorophylls in the leaves is an indicator of plant tolerance
to high pH and bicarbonate stress [46,47,51].

Contrary to the development of leaf chlorosis, the bicarbonate stressed plants had higher concentrations of Fe in their leaves.
Similar observations have been reported by Toselli et al., [62] and Marschner [3]. Therefore it was concluded that bicarbonate induced
leaf chlorosis by inactivation of Fe in the plants. Additionally, part of the increase in Fe in the leaves was due to leaf growth inhibition
and the concentration effect [62]. The calculation of the total content of Fe in the leaves showed that increasing the bicarbonate ion in
the nutrient solution is also effective in reducing Fe absorption. The results are in agreement with Nikolic and Romheld [10] who
reported that absorption and translocation of Fe from roots to leaves of grape vine was reduced under bicarbonate stress.

Accumulation of hydrogen peroxide and leaf damages (MSI decline, proline accumulation and development of necrotic leaves)
were observed under Fe deficiency and bicarbonate stress. Proline accumulation in the leaves with increasing concentration of bi-
carbonate in the nutrient solution also reflected the bicarbonate stress damage on almond trees. Previously, accumulation of proline
and other amino acids were reported under iron deficiency stress conditions [63]. Proline accumulation in plants is a common defense
response to environmental stress [25,64]. As an osmolyte and nitrogen source, proline protects the plant under environmental stress
conditions and its accumulation is in line with the intensity of stress [65]. The accumulation of this amino acid can be caused by the
reduction of protein biosynthesis and the direction of nitrogen towards the synthesis of this compound [3]. Therefore, the reduction of
proline concentration in the leaves of plants under bicarbonate stress with Fe nutrition indicated the alleviation of bicarbonate stress
pressure and the restoration of protein biosynthesis in plants. The effects of hydrogen peroxide accumulation on the cell membrane and
chloroplast damage have been described in detail in the literature [66,67]. At least part of chlorophyll decline under these conditions
was due to oxidative damage [3,68] In the current study, chlorophyll concentration was directly correlated with CAT activity (Fig. 6).
The decrease in CAT activity under Fe deficiency and bicarbonate stress coincided with the depletion of protein concentration in the
leave (Fig. 6) which resulted in the accumulation of hydrogen peroxide and oxidative damage. As the prosthetic group of antioxidant
enzymes CAT and peroxidases, Fe involves in the detoxification of reactive oxygen species [47]. CAT detoxifies hydrogen peroxide and
converts it to water [69,70]. The results indicated that the activity of this enzyme was governed by Fe supply to plants. Leaf proteins
play a critical role in supporting and protecting photosynthetic pigments and preserving the integrity of the chloroplasts [71,72]. The
majority of leaf proteins accumulate in the chloroplasts in association with chlorophylls [3]. Therefore, protein depletion in the cell
triggers chlorophyll instability and degradation [3]. The protein biosynthesis limitations under Fe deficiency conditions have been
related to the role of Fe in the structure, stability, and function of the ribosomes [73]. Therefore, the Fe NCs which increased the
protein content of leaves were more effective in increasing the chlorophyll concentration (Fig. 6).

Application of the Fe NCs increased Fe concentration in the leaves and recovered the growth and health of almond trees under
bicarbonate and high pH stresses. Many studies have demonstrated that nano Fe particles are more efficient than chelated Fe fertilizers
in supplying Fe to plants [18,23]. In the current study, we observed that the organic ligand of the Fe-NC complexes significantly
influenced the efficiency of the compounds in supplying Fe and alleviating the adverse effects of bicarbonate stress. Such differences
also can be found among commercial chelated Fe fertilizers with different ligands [74,75]. Among the synthesized Fe NCs,
pomegranate-nFe and almond-nFe were more efficient than pistachio-nFe or walnut-nFe. According to the total phenolics contents of
the primary extracts of the fruit, the higher efficiency of almond-nFe and pomegranate-nFe could be due to the higher concentrations of
phenols in their extracts.

On the other hand, the allelopathic activity of walnut and pistachio extracts could be the reason for the increased sensitivity of the
plants to the bicarbonate stress conditions. The allelopathic effects of juglone in the leaf and green husk of walnut fruit are well
documented in the literature [76]. Alyousef and Ibrahim [77] also showed that extracts of fruit and leaf of pistachio have substantial
adverse effects on seed germination and seedling growth of other plants. Our results suggested that the allelopathic effects of the plant
extracts may intensify the negative effects of severe bicarbonate stress. Therefore, the allelopathic activities of plants should be
considered before using phyto-phenolics for the development of agrochemicals.

5. Conclusion

The results of this study uncovered the potential of phyto-phenolics recovered from crop wastes in synthesizing chelated nano Fe
fertilizers. Pomegranate-nFe or almond-nFe compounds were as effective as FEEDDHA in improving the performance and health of
almond trees under bicarbonate stress. However, it was concluded that the potential for adverse allelopathic activity of plants should
be considered before using them in the development of plan-based chelated nano-fertilizers. The results uncovered the potential of Fe
NCs as a strategy for the prevention or remedy of Fe chlorosis in alkaline and calcareous soils.
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