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ABSTRACT

Spinach (Spinacia oleracea L.) is considered a nitrogen (N) intensive plant with high nitrate (NO3) accu-
mulation in its leaves. The current study via a two-year field trial introduced an approach by combining
N fertilization from different sources (e.g., ammonium nitrate; 33.5 % N, and urea; 48 % N) at different
rates (180, and 360 kg N ha~!) with the foliar spraying of molybdenum (Mo) as sodium molybdate,
and/or manganese (Mn) as manganese sulphate at rates of 50 and 100 mgL~! of each or with a mixture
of Mo and Mn at rates of 50 and 50 mg L~?, respectively on growth, chemical constituents, and NO3 accu-
mulation in spinach leaves. Our findings revealed that the highest rate of N fertilization (360 kg N ha™?)
significantly increased most of the measured parameters e.g., plant length, fresh and dry weight plant~!,
number of leaves plant™!, leaf area plant™!, leaf pigments (chlorophyll a, b and carotenoids), nutrients (N,
P, K, Fe, Mn, Zn), total soluble carbohydrates, protein content, net assimilation rate, and NO3 accumula-
tion, but decreased leaf area ratio and relative growth rate. Moreover, plants received urea-N fertilizer
gave the highest values of all previous attributes when compared with ammonium nitrate —N fertilizers,
and the lowest values of NO3 accumulation. The co-fertilization of N-Mo-Mn gave the highest values in
all studied attributes and the lowest NO3 accumulation. The best treatment was recorded under the
treatment of 360 kg N-urea ha™! in parallel with the combined foliar application of Mo and Mn
(50 + 50 mg L™1). Our findings proposed that the co-fertilization of N-Mo-Mn could enhance spinach yield
and its quality, while reducing NO3 accumulation in leaves, resulting agronomical, environmental and
economic benefits.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

1. Introduction

Spinach (Spinacia oleracea L.) is one of the popular leafy vegeta-
bles crops grown especially in Egypt. It is used fresh, canned, or fro-
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(HEE. Belal), aa.majrashi@tu.edu.sa and lipid soluble vitamins (A, B, and C), and minerals especially

iron (Fe) (Toledo et al., 2003). Spinach is a vegetable with a high
biological value, extremely rich in antioxidants especially when
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fresh, steamed, or quickly boiled (Cho et al., 2008). Moreover, spi-
nach leaves are low in fat but rich in fiber and phytochemicals
(Alvino and Barbieri, 2016) and has high antioxidant activity
(Ismail et al., 2004).
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Fertilization is the key factor controlling plant production. How-
ever, balanced fertilization with macro and micro nutrients is nec-
essary to obtain optimal plant growth and high quality products.
Spinach is a heavy feeder and needs high rates of nitrogen (N)
for healthy growth and development (Felix et al, 2016). An insuffi-
cient supply of N to plants can reduce plant N content, which limits
photosynthetic production, thus reducing plant growth and its
yield quantity and quality (Boussadia et al., 2010; Mikkelsen and
Hartz, 2008). Previous studies reported that N fertilization
improves plant growth parameters and production of most crops
(Najm et al., 2013). Urea represents 71 % N fertilizers in Egypt
(Elrys et al., 2019). Farmers that used high rates of N fertilizers in
order to elevate crop yield, ruined the equilibrium balance of soil
nutrient elements, thus decreasing crop quality (Zeka et al., 2014).

Spinach is very sensitive to N fertilization and it is one of the
highest nitrate (NO3) accumulator’s (Alessa et al.,, 2017; Canali
et al., 2014; Cantliffe, 1992; Zeka et al., 2014). NO3 can be
adversely altered to NO3, which can react with amines and amides
to produce nitrous compounds (Santamaria, 2006) (Choi et al.,
2007). Excess NO3 can potentially compete for iodide absorption
by the sodium iodide symporter (Tonacchera et al., 2004). It is
revealed that acceptance daily intake of NO3 is 0-3.7 mg kg~ body
weight as recorded by food and agriculture organizations
(Santamaria, 2006). The U.S. Environmental Protection Agency
had set an acceptable daily intake for NO3 of 7.0 mg kg~! body
weight (Mensinga et al., 2003). As a result, NO3 in vegetables
including spinach has gotten a lot of attention lately. Many studies
had been undertaken in recent decades to reduce NO3 accumula-
tion in plants. However, NO3 accumulation is a complicated pro-
cess, with numerous internal and external variables influencing
plant NO3 concentration (Marquez-Quiroz et al., 2014). There are
different factors influencing NO3 uptake and accumulation in veg-
etable tissues such as environmental factors, genetic actors, and
agricultural factors (e.g., N dose and form) (Santamaria et al.,
2001). Previous studies revealed that NO3 accumulation in leafy
vegetables was positively associated with inorganic N fertilizer
rates, which are the controlling factor of NO3 accumulation in veg-
etables (Jun-liang et al., 2003; Krezel and Kolota, 2003; Wang and
Li, 2003; Zeka et al., 2014). The different N sources and the nitrates
accumulation in vegetable tissues have attracted attention in
recent years. For example, higher weight of fresh leaves and vita-
min C content of spinach was observed when ammonium nitrate
fertilizer was used compared to urea and calcium nitrate, but the
highest rate of NO3 accumulation was recorded when calcium
nitrate was added (Zeka et al., 2014). Moreover, NO3 accumulation
in spinach leaves was reduced by 79-98% when ammonium or
urea-based fertilizers was used compared to nitrate-based fertil-
izer. Accordingly, the rational application of N fertilizers in spinach
to achieve the highest yield and the least accumulation of NO3 is
critical.

Leafy vegetables contain a high level of NO3 (Prasad and Chetty,
2008), and the consumption of large amounts of NO3 causes seri-
ous diseases to humans (Mensinga et al., 2003). Molybdenum
(Mo) is an essential micronutrient for plants and animals. It partic-
ipates in N metabolism in plants, as it involves in synthesis of
nitrate reductase, which reduces NO3 to NO3 and this is the first
step to integrate N into proteins (Bambara and Ndakidemi, 2010).
Its deficiency affects N content in plants (Bullock et al., 2002).
Molybdenum is highly mobile in the plant bark; therefore, its
amount available to the plant is as low as 0.1-0.25 mg kg
(Mengel and Kirkby, 2001). Foliar spraying of Mo is more effective
on early stages plants (25 days) grown in acidic soils (Valenciano
et al,, 2011). It is easily absorbed by the leaves. Foliar application
of Mo (40 g ha') significantly improved NO3 reductase and nitro-
genase’s activities, which increases the total N accumulated in
common bean sprouts (Vieira et al., 1998). Molybdenum is an
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essential component in many enzymes such as NO3 reductase,
nitrogenase, and these enzymes are vital for the uptake of NO3
in soil. Apart from its role in NO3 reductase, its function in higher
plants is not well known (Cecilio-Filho et al., 2019). Foliar spraying
of Mo can effectively increase the availability of Mo and improve
the performance of molybdic enzymes (Kaiser et al., 2005). Elrys
et al. (2018) found that using Mo as a foliar spay with N fertilizers
reduced NO3 accumulation in potato tubers while increasing NO3
reductase enzyme level. Moreover, Chen et al. (2009) reported that
the activity NO3 reductase was significantly enhanced by Mo addi-
tion, which caused significant reduction of NO3 accumulation in
Brassica campestris ssp. chinensis. They also found that manganese
(Mn) reduced NO3 accumulation. These important roles of Mn
were clearly demonstrated through its significant role in increasing
the plant growth attributes, yield, leaf pigments (chlorophyll a and
b, and carotenoids), protein concentration, macronutrients (N,
phosphorus (P), and potassium (K)), and micronutrients (Mn, Fe,
and zinc (Zn)) of spinach. Manganese deficiency reduced photosyn-
thesis and crop yield quality and quantity as Mg is active part in
enzymes involved in carbohydrate metabolism (Diedrick, 2010;
Malakouti and Tehrani, 1999). Malakouti and Tehrani (1999)
reported that potato yield and storage dry matter improved when
Mn was applied. Spraying plants with Mo and Mn combined
together at any N fertilizers levels increased chlorophyll and nutri-
ent content in leaves, thus increasing vegetative growth and
increasing spinach yield. The combination between micronutrients
foliar and N fertilizer enhanced chickpea yield quality and quantity
as reported by Rahman et al. (2017).

Here, we provide an approach by combining N fertilization from
different sources (e.g.,, ammonium nitrate and urea) at different
rates with the foliar spraying of Mo and/or Mn on growth, chemical
constituents, and NO3 accumulation in spinach leaves. The current
study hypothesizes that use of both Mo and Mn as a foliar applica-
tion in parallel with N fertilization would reduce NO3 accumula-
tion and improve spinach leaves quality. We also hypothesized
that the role of Mo in controlling NO3 accumulation and plant
attributes would be higher than that of Mn, but the combined addi-
tion of both would be preferable. The agricultural, environmental,
and economic benefits of N-Mo-Mn co-fertilization could con-
tribute to the higher sustainability of spinach cropping system.

2. Materials and methods
2.1. Experimental design

In a 2-year field trial, spinach seeds (Spinacia oleracea L.) cv. Bal-
ady were sown on 12" November 2019/2020 and 2020/202021
seasons in a clay soil located at Fayoum, Egypt (29° 17’N; 30°
53'E). Before planting, the selected soil was analyzed. The chemical
analyzes of soil were shown in Table 1. In two equal applications at
28 and 42 days after planting, the plants were supplied with 180
and 360 kg N ha™! as urea [CO(NH,),. 46 % N] or ammonium
nitrate (NH4NOs. 33.5 % N). In addition, plants were sprayed with:

Table 1

Soil properties of the investigated soil.
Property 2019/2020 2020/2021
pH (1:2.5) 7.51 7.43
ECe (dSm™") 4.40 5.00
Organic matter (g kg™ ') 11.6 12.3
Total N (g kg™) 4.4 5.9
CaCO; (g kg™") 56.0 53.4
Fe (mg kg™!) 3.50 3.33
Mn (mg kg ') 8.15 7.68
Zn (mg kg~1) 0.78 0.71
Cu (mg kg™") 3.00 3.07
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tap water (control), Mo (as sodium molybdate), or Mn (as man-
ganese sulphate) at rates of 50 and 100 mg L~! of each or with a
mixture of Mo and Mn at rates of 50 and 50 mg L~!, respectively.
However, few drops of Tween-20 were added as a surfactant. Rec-
ommended cultural practices for spinach production were fol-
lowed. The different treatments were applied in split-split plots
in randomized complete block design (RCBD) with three replica-
tions. N-sources consisted the main plots, N-rates were assigned
randomly to the sub-plots. While, micronutrients foliar sprays
comprised the sub-sub-plots. Plots (10.5 m?; 3 x 3.5 m of each)
were seeded in excess and the plants were thinned to the desired
stand after emergence.

2.2. Morphological and quality parameters

2.2.1. Growth parameters

At harvest time (56 days from sowing), ten plants were ran-
domly chosen from each replication and were subjected to deter-
mine the following parameters; plant length (cm), plant fresh
and dry weights (g plant™!, without roots), and number of leaves
plant™!. Moreover, leaf area (cm?), leaf area plant™! (dm?), net
assimilation rate (mg dm? day"); is an index of the productive effi-
ciency of plants, calculated in relation to total leaf area (Hunt,
1982; Desoky et al., 2020), Some measurements were begun
35 days after planting and stopped when the plants began to
bloom (56 days old; harvest time); leaf area ratio (dm? g !). The
ratio between total leaf area plant~! and total dry weight plant™!
determined the morphological index (Hunt, 1982; El-Saadony
et al,, 2021a), while relative growth rate (g g~! week') measures
the increment rate in size. The previous indexes were calculated
every week according to El-Saadony et al., (2021b)

2.2.2. Chemical measurements

At harvest time (56 days from sowing), fresh leaves were
extracted in acetone 80%, the pigments in leaf extract; chlorophyll
and carotenoids (mg g~! fresh weight of leaf) were determined
using colorimetric method as described by (El-Saadony et al.,
2021a). In dried leaves (dried at 70 °C till constant weight then
well ground for chemical analysis), total soluble carbohydrates
were determined using phenol-sulphuric acid method as per

(Saad et al., 2021a). Nitrogen was determined by using kejldahl
method multiply in factor of 6.25% to calculate % protein (Saad
et al., 2020). The mineral contents of P, K, Fe, Mn and Zn were
determined as follows; 100 mg of powdered leaves were digested
in sulphuric and perchloric acids as described by Piper (1947), then
P was estimated by using chloro-stannous molybdophosphoric
blue colour method in sulphuric acid system as described by
JACKSON et al. (1978). Potassium was estimated by flame pho-
tometer (Perkin-Elmer,USA) (Page and Keeney, 1982). while Fe,
Mn and Zn were estimated by atomic absorption spectrophotome-
ter (Perkin-Elmer, Model 3300, USA) according to Chapman (1961).
The NO3 content was determined as follow, 500 mg of leaves pow-
der was homomgnized in 20 ml distilled water for 30 min., then fil-
tered (Bar-Akiva, 1975). The nitrate was determined in the extract
using phenol disulfonic acid method (Bremner, 1965). The average
of both seasons was tabulated, statistically analyzed and discussed.

2.3. Statistical analysis

Treatment effects were determined by analysis of variance and
error variances homogeneity using COSTAT software. Combined
data analysis with the least significant difference (LSD) was carried
out at a probability level of 99% (p < 0.01) for each treatment by
Duncan’s multiple range test (Steel, 1997).
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3. Results

3.1. Effect of N-Mo-Mn co-fertilization on plant attributes of spinach at
harvest time

Plant length, fresh weight, dry weight, leaves number plant™?,
leaf area, and leaf area plant~! were significantly (p < 0.01; except
for leaf area) influenced by N and micronutrients (Mo, and/or Mn)
management treatments (Table 2). These characteristics were sig-
nificantly greater in urea treatment than in ammonium nitrate
treatment, where these characteristics increased in case of N- urea
treatment compared with ammonium nitrate-N treatment. All
these characteristics were significantly increased when plants
were treated with 360 kg N ha~! compared to the treatment of
180 kg N ha~!. The influence of Mo application was higher than
that of Mn, whereas the highest values of these characteristics
were observed when the mixture of both Mo and Mn was applied,
where this treatment increased all previous characteristics com-
pared to the control treatment (without micronutrients).

Significant (all p < 0.05) interaction influences were noted under
the effect of N source x N level x micronutrients for all previous
attributes. The highest values of plant length, fresh weight, dry
weight, leaves number plant™!, leaf area, and leaf area plant™!
were recorded under the treatment of 360 kg N-urea ha~! in par-
allel with the combined foliar application of Mo and Mn.

3.2. Effect of N-Mo-Mn co-fertilization on leaf area ratio and net
assimilation rate of spinach leaves at various sampling times

Differences in leaf area ratio, net assimilation rate, and relative
growth rate among all treatments were significant at various sam-
pling times shown in Table 3. Across all treatments, leaf area ratio
decreased with sampling time and the increase in N-level. Ammo-
nium nitrate-N treatment applied caused a remarkable reduction in
leaf area ratio compared to urea-N treatment. Differences in leaf area
ratio among micronutrients and N application were significant for all
N-level and N-source at all sampling times. The highest leaf area ratio
was noted under the treatment of 180 kg N- ammonium nitrate ha™!
with 100 mg L~ Mo as a foliar application at the time of 35-42 days,
whereas the lowest leaf area ratio was recorded when plants were
treated with 360 kg N- ammonium nitrate ha~! in parallel with the
combined foliar application of Mo and Mn. Moreover, urea-N gave
the highest values of net assimilation rate. Net assimilation rate
increased as N-level increased during the period of growth. Mo
and/or Mn with N-application significantly increased net assimilation
rate compared to N-application alone. Across all sampling times,
application of micronutrients in parallel with N-application signifi-
cantly increased net assimilation rate, and the highest values were
observed when plants were treated with 360 N-urea ha~! and the
combined foliar application of Mo and Mn. Additionally, relative
growth rate of all treatments increased with time. However, increas-
ing the level of N, significantly decreased the relative growth rate.
The treated plants with ammonium nitrate N appeared a remarkable
decrease in relative growth rate as compared to urea-N treated ones.
Similarly, relative growth rate was affected by the interaction of
micronutrients and N application, and the highest values were
recorded when plants were treated with 360 kg N- urea ha~! in par-
allel with the combined foliar application of Mo and Mn.

3.3. The effect of N-Mo-Mn co-fertilization on leaves pigments, protein,
total soluble carbohydrate, and NO3 accumulation of spinach leaves

Chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, NO3
accumulation in spinach leaves were significantly (p < 0.01) influ-
enced by N and micronutrients (Mo, and/or Mn) management
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Table 2
The interactive effect of foliar application of micronutrients (Mo and/or Mn) with soil-applied N fertilizers on plant attributes at harvest time of spinach. (The means of both
seasons).
N-source N-level (kg N Micronutrient (mg Plant length Plant weight (g plant™!) Leaves no. Leaf area Leaf area plant™!
ha 1) L1 (cm) Fresh Dry plant™! (cm?) (cm?)
Urea 180 Control 29.7 £ 1.4i 252 +23hi 230+03kl 9.00+ 1.0i 6.44 + 0.3a 58.0 £ 3.7n
Mosg 32.2 £ 1.8gh 27.5 +1.4gh 3.00+0.1hij 10.0 +0.8g 6.00 £ 0.2a 60.0 = 7.1lm
Mo1go 39.2 +2.7d 30.3 £ 0.8fgh 3.65 + 0.1fgh 12.0 + 2.1d 5.16 £ 1.2a 61.9 + 5.3jk
Mnso 31.8 £2.2h 25.8 + 0.4h 3.05 £ 0.2hij 10.0 + 1.4g 5.90 + 0.7a 59.0 + 4.2mn
Mnjgo 34.8 + 1.4ef 34.2 + 1.1efg 3.50 +0.1ghi 11.0 £ 0.7e 545 +0.3a 59.9 + 1.8lm
Mo + Mn 44.1 £ 3.1c 81.9 £6.2ab  6.95 * 0.6¢ 125 +£0.7c 7.89 = 1.4a 98.4 + 8.3c
360 Control 33.7 £ 2.5fgh 27.5+23gh 2.55%03jkl 10.0 £ 0.4g 6.10 £ 0.7a 61.0 £ 7.2kl
Mosg 385 +4.1d 43.6 £ 3.6cde 4.00 + 0.2efg 12.0 + 1.3d 5.83 + 0.6a 69.9 + 4.9h
Mo100 44.7 £ 2.3c 45.7 £ 3.1c 535+ 0.2d 13.0 £ 0.8b 6.15 £ 0.9a 80.0 £ 6.2e
Mnsg 44.1 + 1.6¢ 36.7 £ 1.6def 3.90 + 0.1fg  10.0 + 1.0g 7.25 +1.0a 725 +2.8¢g
Mnjgo 36.2 + 0.9e 42.1 £ 1.4cde 4.80 £ 0.7de 11.0 + 1.1e 7.34 +0.8a 80.7 + 7.4e
Mo + Mn 47.7 £ 3.4a 87.1 £+ 4.6a 9.10 £ 0.6a 13.5+0.8a 8.94 + 0.6a 120 + 14.2a
Ammonium 180 Control 272 £1.2j 17.8 = 0.6i 2.05 £0.21 8.50 + 01.2j 5.38 £ 0.5a 45.5 £ 2.8q
nitrate Mo50 32.0 £ 2.3gh 25.0+1.2hi 2.80+0.4jk 10.0+0.7g 5.80 + 0.4a 58.0 £ 6.9n
Mo100 393 +1.1d 33,5+ 1.4fg 3.00+0.2hij 11.0 + 0.6e 545 +0.2a 60.2 + 5.41
Mn50 30.5 + 1.9hi 25.1 £ 0.8i 245 £ 0.6jk 9.00 = 0.4i 4.96 + 0.9a 44.6 £ 6.1q
Mn100 33.8 + 0.8fgh 31.5 £ 2.7fgh 2.85 + 0.4ijk 9.50 + 0.9h 5.56 + 0.8a 53.0 £ 2.50
Mo + Mn 44.1 £ 3.5¢ 76.5 £ 6.1b 6.55 * 1.1c 12.0 £ 0.7d 7.25 £ 0.9a 87.0 + 10d
360 Control 30.0 + 2.4hi 275 +24gh 2.75+0.2jk 9.50 = 0.5h 538+ 1.1a 51.0 £ 2.1p
Mo50 34.3 + 1.8efg 36.5 + 1.9def 3.55+ 0.1ghi 11.0 + 1.4e 6.30 £ 0.2a 66.0 + 4.7i
Mo100 45.0 + 5.2bc 440 £3.0cd 4.90 £ 09de 12.0+1.1d 6.50 + 0.6a 78.0 + 8.2f
Mn50 33.6 £ 3.2fgh 35.0 + 2.2efg  2.90 + 0.3ijk 10.0 + 0.6g 6.25 + 0.5a 62.5 + 4.1j
Mn100 35.9 + 1.6ef 37.2 + 1.6def 4.30 + 0.2ef 10.5 + 0.4f 6.83 £ 0.5a 71.5 + 1.2gh
Mo + Mn 46.1 £ 2.7a 82.8 +34ab 7.70 £+ 0.5b 13.0 £ 1.8b 8.88 + 0.9a 115+ 9.7b

Data are means (n = 3) + SD. Different letters within the each column denote significant differences between the treatments according to Fisher’s least-significant difference

test (p < 0.01).

treatments (Table 4 and Fig. 1A, 1B and 1C). Averagely, NO3 accu-
mulation was significantly greater in ammonium nitrate-N treat-
ment than in N- urea treatment, where N- urea treatment
decreased NO3 accumulation in spinach leaves by 25.2% compared
to ammonium nitrate-N treatment. Moreover, NO3 accumulation
was significantly increased by 62.9 % when plants were treated
with 360 kg N ha~! compared to the treatment of 180 kg N ha'.
Both Mo and Mn application significantly decreased NO3 accumu-
lation, where NO3 accumulation decreased by 44.7, 55.1, 54.1,
63.9, and 73.7% under the treatments of Mosg, Mo01go, Mnsp,
Mnyge, and Mosg + Mnsg, respectively compared to the control
treatment (without micronutrients). The highest NO3 accumula-
tion (6615 mg kg~!) was noted under the treatment of 360 kg N-
ammonium nitrate ha~! without micronutrients, whereas the low-
est NO3 accumulation (974 mg kg~!) was recorded when plants
were treated with 180 kg N-urea ha~! in parallel with the com-
bined application of Mo and Mn.

3.4. Effect of N-Mo-Mn co-fertilization on nutrients contents of spinach
leaves at harvest

Spinach leaves-macronutrients (N, P, and K), leaves-
micronutrients (Fe, Mn, and Zn) were significantly (p < 0.01) influ-
enced by N and micronutrients (Mo, and/or Mn) management
treatments (Table 5). Averagely, these characteristics except P con-
tent were significantly greater in N- urea treatment than in ammo-
nium nitrate-N treatment, where these characteristics increased in
case of N-urea treatment compared with ammonium nitrate-N
treatment, but P content decreased by 35.3%. All these characteris-
tics were significantly increased when plants were treated with
360 kg N ha~! compared to the treatment of 180 kg N ha~!. The
influence of Mo application was higher than that of Mn, whereas
the highest values of these characteristics were observed when
the mixture of both Mo and Mn was applied, where this treatment
increased all previous characteristics compared to the control
treatment (without micronutrients). Significant (all p < 0.05) inter-
action influences were noted under the effect of N source x N
level x micronutrients for all previous attributes. The highest val-
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ues of these former characteristics were recorded under the treat-
ment of 360 kg N-urea ha~' in parallel with the combined foliar
application of Mo and Mn.

4. Discussion

4.1. The vital role of N-Mo-Mn co-fertilization in mitigating NO3
accumulation

Vegetables are the main source of NO3 intake by humans and
constitute about 40%-92% of the mean daily intake (Ximenes
et al., 2000). A person who consumes 400 g of leafy vegetables will
receive 1.6-1.7 mg of nitrate/60 kg as recommended by the World
Health Organization. Ingestion of Mo alone would be four times the
EPA'’s reference dose for NO3~. The accumulation of NO3 in plants
is a natural phenomenon that occurs when the uptake of NO3
exceeds its reduction and subsequent metabolism within the plant
(Blom-Zandstra, 1989; Hanafy, 1997; Hanafy Ahmed et al., 2002).
Our findings show that spinach grown in soils treated with N fer-
tilization from different sources (e.g., ammonium nitrate, and urea)
at different rates (180, and 360 kg N ha~') had the highest NO3
accumulation in spinach leaves compared with plants that grew
in soil treated with N fertilizers in parallel with Mo and/or Mn as
a foliar spray at the rates of 50 and 100 mg L~'. Likewise,
Ahmadi et al. (2010) in spinach leaves noted that NO3 accumula-
tion increased when inorganic N fertilizer was applied. In parallel,
NO3 will accumulate as a result of the rapid transformation of inor-
ganic N fertilizers in soils (Wang et al., 2008). In Peking cabbage
and spinach, Wang and Li (2004) found that amending with urea
significantly increased NO3 accumulation. The excessive N fertil-
izer use increases NO3 accumulation in vegetable leaves and thus
reduce vegetable quality (Liu et al.,, 2014; Qiu et al., 2014). The
excess are absorbed quickly into the plant leading to higher and
accumulated NO3 levels and stored predominantly in the green
leafy part of the plant (Anjana and Igbal, 2007). Our findings con-
formed these studies where NO3 accumulation increased signifi-
cantly to increasing N rates. We also found that NO3
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Table 3
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The interactive effect of foliar application of micronutrients (Mo and/or Mn) with soil-applied N fertilizers on leaf area ratio, net assimilation rate, and relative growth rate of

spinach leaves at various sampling times. (The means of both seasons).

N-source N- Micronutrient Sampling interval (days)
level (mglL!)
(kg N 35-42 42-49 49-56 35-42 42-49 49-56 35-42 42-49 49-56
ha™") Leaf area ratio (dm?g~") Net assimilation rate (mg dm2 day ') Relative growth rate (g g~' week™ ')
Urea 180  Control 278 +02b 238+03b 224+0.1b 1.16 £0.11 2.23 £ 0.1k 464 +03k 038 +0.1c 0.68 £ 0.1b 0.99 + 0.1b
Mosg 2.68 £0.1c 197 +0.1e 1.67 £0.1c 1.44 +0.2jkl 2.88 + 0.4ij 5.67 + 0.6gh 0.35 % 0.1c 0.60 £ 0.1cd 0.88 £ 0.1c
Moo 432 +0.5a 354+0.2a 258+04a 3.55+04c 7.03 £ 0.6a 13.3+21a 0.50z%0.1b 0.91 £0.2a 1.60 + 0.3a
Mnsg 257+02d 123+0.1j 1.17+02d 147 +02jk 2.70+0.2j 5.15+0.8ij 0.33 * 0.0cef 0.58 £+ 0.1de 0.86 + 0.1c
Mnj o 1.66 £0.11 0.88+0.1m 0.78 £ 0.2f 1.62 + 0.2ij 3.12+£0.1gh 6.37+1.0f 0.23 +0.0gi 0.37 £ 0.0ghi 0.73 £ 0.1ef
Mo + Mn 140+0.1n 0.71+02p 0.51+0.1i 2.11+03h 3.89 + 0.6e 731+1.1d 059 +0.1a 0.71 £ 0.1b 0.99 + 0.2b
360 Control 2.66 +0.1c 2.15+04c 1.67+0.1c 2.07 £0.1h 2.53 +04jk 5.71 £0.9gh 0.34 £ 0.1ce 0.54 £ 0.1e 0.84 + 0.2cd
Mosg 2.05+0.1h 1.84+0.2f 087 +0.1e 2.83+0.5ef 3.84+0.3e 6.49 + 0.5f 0.32 £ 0.1cef 0.47 + 0.0f 0.72 + 0.1f
Moo 1.92+0.1j 1.67+0.1h 0.70%0.2g 3.43 £ 0.6¢ 5.13+0.7cd 7.69 +0.8bc 0.15 + 0.0kmo 0.38 £ 0.1gh  0.39 + 0.0j
Mnsg 1.67 £0.11 1.04£0.1k 0.58 +0.0h 2.39 +0.3g 3.06 £+ 0.2hi 5.83 +0.8gh 0.17 £ 0.0i-n 0.42 + 0.1fg 0.65 = 0.1g
Mngo 1.51 £0.0m 0.70 £0.0q 0.39+0.01 3.12 +0.4de 5.01+0.7d 7.57 £1.2cd 0.11 £ 0.0no 0.25 + 0.0klm 0.36 * 0.0j
Mo + Mn 0.60 + 0.1 0.50+0.1s 0.13+0.0q 4.03 +0.4a 6.67 + 0.6b 8.95+1.0b 0.49 +0.1b 0.59 + 0.1de  0.90 + 0.2c
Ammonium 180 Control 2.60+0.1e 2.10+0.2d 059 +0.2h 043 *0.1n 091+02m 253+03n 036z+0.1c 0.58 +0.1de  0.69 * 0.1fg
nitrate Mosg 237 +02f 1.78+0.3g 043 +0.1k 0.66+02mn 1.82 + 0.4l 3.62+£05 0.30 + 0.1def 0.43 + 0.1fg 0.55 + 0.1hi
Mo100 2.07£+0.1h 1.66+03h 0.19+0.00 130x0.1kl 249 +05jk 4.92+0.5jk 0.22 +0.0lghij 039 +0.1gh  0.49 £ 0.1i
Mnsg 1.99+0.2i 096+0.11 0.36+0.11 0.58 +0.0n 1.25 £ 0.2k 3.01 £ 0.2m 0.28 + 0.0efg 0.35 +0.0hij 0.51 £ 0.1hi
Mngo 1.06 £0.20 076 £0.10 0.16+0.0p 0.90+0.1m 231 0.3k 4,03 +0.61 0.21 + 0.0lhijk  0.21 £ 0.0m 0.41 +0.1j
Mo + Mn 0.66 +0.1p 0.55+0.1r 0.13+0.0q 1.63 % 0.2ij 3.18 £ 0.5fgh 5.64 + 0.8gh 0.52 + 0.1b 0.66 + 0.1bc  0.88 + 0.2c
360 Control 223+03g 198+03e 049+0.1j 1.26+0.2kI 1.80%0.4l 426 +0.11 0.27 £ 0.0fgh 0.40 + 0.0gh 0.57 £ 0.1h
Mosg 1.90+0.2j 1.67+02h 0.32+00m 1.55+0.3ijk 2.27 £ 0.6k 5.39 + 0.7hi 0.18 £ 0.0ijklm 0.37 + 0.0ghi 0.52 + 0.1hi
Mo100 1.77 £ 0.1k 153 +02i 0.16+0.0p 2.61+04fg 3.40+08fg 6.85+04e 0.12+0.0mno 029 +0.0jkI 039+0.1]j
Mnsg 1.05+0.20 0.82+0.1ln 0.27 £+0.0n 1.80 £ 0.2i 1.99 £ 0.31 4,78 £+ 04k 0.14 + 0.0lmno 0.31 + 0.0ijk  0.35 + 0.0j
Mngo 0.66 +0.1p 0.45+0.0t 0.13+0.09 2.60*0.2fg 3.48 +0.8f 5.92+09g 0.10 = 0.00 0.24 +-0.0lm 0.21 £ 0.0k
Mo + Mn 0.56 +0.0q 0.22 +0.0u 0.10£0.0r 3.71 +0.4b 5.40 £ 0.9c 7.40 £ 0.7cd 0.30 £ 0.0def 0.58 £+ 0.1de  0.79 £ 0.1de

Data are means (n = 3) + SD. Different letters within the each column denote significant differences between the treatments according to Fisher’s least-significant difference

test (p < 0.01).

Table 4

Interactive effect of foliar application of micronutrients (Mo and/or Mn) with soil-applied N fertilizers on leaf pigments, protein, total soluble carbohydrate, and nitrate

accumulation of spinach leaves at harvest time. (The means of both seasons).

N-source N-level (kg N Micronutrient Leaf pigments (mg g-1 fresh weight of leaf) Protein Total carbohyd-  Nitrate accumulation
ha™") (mgL™h Chl. a Chl. b Chl.a+b Carotenoids (%) rates (%) (mg kg™")
Urea 180 Control 0.82 +0.06r 046 +0.04r 1.29+0.1q 0.24 +£0.011  2.60t 3.35q 2339g
Mosg 1.00 + 0.02m 0.58 £0.02n 1.59 +0.08n  0.31 £ 0.04i  2.90r 3.620 13930
Moo 1.13+0.01j 0.72+0.10i 1.87 +0.21i 031 +£0.02i 3.200 4.05] 1301q
Mnsg 1.18 £ 0.2i 074+0.1b 194+0.17g 038 +0.00de 3.40n  4.26k 1204s
Mnjgo 120+ 0.1g 0.81+0.07e 2.09+0.09d 042=+007c 4.50g 5.93g 1120t
Mo + Mn 1.28 £0.09d 0.93 £0.07b 2.77 +0.13a 049 £0.05b 6.60b  7.71b 974w
360 Control 1.09 + 0.07k 0.54 £ 0.000 1.65 * 0.061 0.28 £0.00j 3.701 3.85n 4240b
Mosg 1.19+03h  0.67 +0.04k 1.87 £ 0.08i 0.36 + 0.01fg  3.80k  3.96m 2630f
Mo100 1.21+02f 0.78+0.09¢ 2.00+0.21f 035+0.03g 4.30h 4.47i 1914i
Mnsg 128 +0.3d 0.80+0.06f 2.08+0.17de 0.42 £0.06c 4.30h  4.54i 2098h
Mnjgo 1.30 £0.08c 0.88 +0.12c 2.18 £0.19c  0.48 + 0.06b  5.30e 6.55d 1614m
Mo + Mn 140 £0.07a 0.99+0.08a 246+0.17b 0.53+0.02a 7.20a 8.02a 1042v
Control 0.81+0.01s 037 +0.01s 1.18+0.03r 0.21+0.0Im 2.10u  2.96r 3377c
Ammonium 180 Mosg 092 +0.00q 052 +0.01p 1.45%0.04p 025+ 0.02kl 2.60t 3.51p 1828k
nitrate Mo100 1.00 £ 0.02m 0.58 + 0.03n 1.60 + 0.012m 0.28 £0.06j 3.00q  3.94m 17201
Mnso 0.94 +0.02p 0.70 + 0.05j 1.65 * 0.091 0.33 £ 0.05h  2.80s 3.96m 1496n
Mnjgo 1.13£0.01j 0.75+0.02h 1.90+0.08g 0.37 £0.03ef 4.20i 5.71h 1383p
Mo + Mn 1.21+0.11f 0.85+0.08d 2.07 +0.15e  0.41+0.04c 540d  6.03f 1238r
Control 1.01 £0.051 0.51+0.00q 1.54+0.070 0.25+0.03klI 3.10p  3.29q 6615a
360 Moso 095 +0.040 062 +006m 1.58+0.11n 0.26 + 0.00k 3.60m  3.89m 3318d
Mo100 1.13£0.17j 0.66 +£0.05] 1.81 + 0.15j 0.32 + 0.02hi 3.90j 4.39j 2502g
Mnso 0.99 +0.06n 0.72 +0.09i 1.72+0.16k  0.36 + 0.03fg 3.90j 4.29k 2802e
Mnjoo 1.24 £ 0.03e 0.81 +0.07e 2.07 +0.08e 039 £0.02d 4.60f 6.13e 1866j
Mo + Mn 1.34£0.08b 0.91+0.10a 227 +0.16a 043 £0.05a 6.10c 6.80c 1104u

Data are means (n = 3) + SD. Different letters within the each column denote significant differences between the treatments according to Fisher's least-significant difference

test (p < 0.01).

accumulation was significantly greater in N-NH4NOs treatment
than in N- urea treatment.

In this study, the combination of N fertilizers and foliar spraying
of Mo, and/or Mn provided a better spinach cultivation method.
One of the agricultural practices to reduce the accumulation of
nitrates in vegetable tissues is using Mo. It plays a valuable role
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in N metabolism in the plant through fixing N, transferring the N
compounds in plants, and reducing NO3. Therefore, the addition
of Mo is expected to improve plants’ N uptake and thus reduce
nitrates in plant tissues and thus increase the quality and quantity
of spinach yield. There was a decrease in the NO3 content in spi-
nach leaves with Mo spray, as it absorbs nitrates taken by plants.
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Fig. 1. The interactive effect of foliar application of micronutrients (Mo and/or Mn) with soil-applied N fertilizers on nitrate accumulation (A), protein (B), and total soluble
carbohydrate (C) of spinach leaves at harvest. Data are means (n = 3) + SD. Different letters above the columns denote significant differences between the treatments

according to Fisher’s least-significant difference test (p < 0.01).

In most cases, spraying of Mo on plant leaves results in easy
recovery of NO3 reductase activity (Yaneva et al., 2000). The Mo
is a main component of NO3 reductase enzyme, which plays a
key role in NO3 reduction in plant (Bélanger et al., 2000). The over-
all NO3 reductase activity was higher in the Mo-treated plant
(Elrys et al., 2018; Min et al., 2010). In lower concentrations of
Mo, NOs3 was accumulated in plant tissues (Zabihi-e-
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Mahmoodabad et al., 2010). The absence of Mo supply stimulated
NO3 accumulation in common bean leaves, indicating the low effi-
ciency of N assimilation by plants in the absence of Mo (Calonego
et al,, 2010). Due to the obvious role of Mn in NO3 reductase, the
deficiency of Mn les to more NO3 accumulations in leaves
(Tavakoli et al., 2014). Our study confirmed this view as NO3 accu-
mulation significantly decreased when Mn was applied.
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Table 5
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The interactive effect of foliar application of micronutrients (Mo and/or Mn) with soil-applied N fertilizers on nutrients content (N, P, K, Fe, Mn, and Zn) of spinach leaves at

harvest time. (The means of both seasons).

N-source N-level (kg N ha~!)  Micronutrient (mg L™!)  Leaf-macronutrients (%) Leaf-micronutrients (mg kg™!)
N P K Fe Mn Zn
Urea 180 Control 0.42 + 0.08p 0.27 + 0.02r 0.51 £ 0.05j 261+03q 72.0+3.6p 48.1 + 2.6t
Moso 0.47 £ 0.10n 0.31+0.020 0.57+0.10h 295+04k 76.1d+7.8m 52.1+3.2p
Mo100 0.51 £0.05m 0.38 £+ 0.01k  0.61 + 0.08f 2.11 £ 0.3t 78.4c £ 8.21 55.3 + 1.9m
Mnsg 0.54 + 0.041 0.37 £ 0.061 0.61 £ 0.03f 3.32 £ 0.5i 81.1b * 6.8i 58.1 £3.7j
Mn; o 0.72 £ 0.02f 0.44 +0.05g¢ 068 +0.07d 3.820.7f 85.2 +10.1g  61.0 £ 4.6f
Mo + Mn 1.10 = 0.06b 0.52 +0.08c 0.73+0.08b 4.51+0.3c 93.0 + 9.4b 73.2 £ 2.6b
360 Control 0.59 + 0.05k 038 £0.02k  0.57 £+0.04h 283 +0.8n 75.1%2.8n 51.1 +4.4q
Moso 0.61 £ 0.03j 0.39 + 0.03j 0.61 £ 0.11f 3.17 £ 0.2j 79.2 + 4.5j 56.2 + 3.8l
Mo100 0.68 £ 0.06gh 0.43 +0.05g 0.65+0.05e 3.45+04h 83.1+7.2h 59.0 + 2.8i
Mnsg 0.69 * 0.06g 0.44 + 0.09f 0.65 £ 0.06e  3.77 +0.5g  87.1b + 6.9¢ 63.2 + 5.8e
Mn; o 0.85 + 0.05d 0.51+0.07d 0.71+0.09c 4.15%+0.7d 90.4 + 9.6¢ 68.3 + 8.3¢
Mo + Mn 1.15+0.2a 0.64+0.03b 085+0.08a 512+09a 983+11.3a 81.0+7.7a
Ammonium nitrate 180 Control 0.34 + 0.04q 0.23 £ 0.00s 0.27 £ 0.01s 1.80 £ 0.2v 63.2 £ 5.4t 43.1 £ 4.5v
Moso 0.42 + 0.03p 0.28 +0.02q  0.31 + 0.04r 2.01+03u 68.7 +4.6s 458 + 5.4u
Mo100 0.48 + 0.04n 0.33+0.0ln 036+0.050 237 %0.5s 712 +8.2q 48.8 £ 6.7st
Mnsg 0.45 + 0.040 029 +0.05p 034+0.04q 265x0.5p 72.1+25p 49.5 + 8.0s
Mni o 0.67 £ 0.07h 0.33£0.02n 043 +0.06m 3.15+0.4j 79.0 £ 5.1k 57.2 + 2.8k
Mo + Mn 0.86 + 0.06d 0.38 +0.04k  0.54 * 0.05i 412 +0.6e  86.1 +4.9f 61.9 +3.3g
360 Control 0.53 £ 0.071 0.31+0.030 035+0.06p 2.11x0.3t 69.1 £ 6.4r 47.1 £3.6
Mosg 0.53 £ 0.041 0.36 £+ 0.04m 042 +0.07n  2.43 = 0.4r 73.1d £6.80  50.2 +5.1r
Mo100 0.62 + 0.09ij 0.93 +0.06a  0.45 % 0.031 2.85+0.7m 78.1%3.7k 53.2 + 1.80
Mnsg 0.63 £ 0.04i 0.42 + 0.01i 0.47 £0.08k  2.90 +0.21 76.0c £ 54m 54.1 +6.2n
Mnj o 0.74 £ 0.11e 047 £0.07e  0.58 +0.05g  3.83 + 0.8f 81.2 £ 8.3i 60.1 + 5.5h
Mo + Mn 0.98 + 0.06¢ 051 +£0.03d 071 £0.03c 4.80+0.6b 90.0+5.7d 67.1 £ 4.6d

Data are means (n = 3) + SD. Different letters within the each column denote significant differences between the treatments according to Fisher’s least-significant difference

test (p < 0.01).

4.2. The yield and chemical constituents of spinach increased due to
the co-fertilization of N-Mo-Mn

The improvement in the vegetative properties of spinach is
attributed to the role of N in chlorophyll synthesis. It stimulates
the absorption of carbon dioxide and photosynthesis (Leghari
et al,, 2016). Aisha et al. (2013) found that the increase of N fertil-
ization led to the heaviest total leaves yield and its nutritional val-
ues, i.e.,, N, P, K, and protein content. Wilkinson et al. (2000)
reported that P uptake increase with increasing N concentration
as a result of increased root growth, and thus an increase in the
ability of the roots to absorb and transport P, and also reduce soil
pH as a result of the uptake of NH increases the solubility of fer-
tilizer P. Additionally, N levels in plant can be enriched with spray-
ing plants with bioactive peptides (Saad et al., 2021b; El-Saadony
et al, 2021c; El-Saadony et al, 2021d). On the contrary,
(Smatanova et al., 2011) reported that higher doses of N slightly
increased yield of spinach. Moreover, although some previous
studies reported that N fertilization reduced the plant content of
micronutrients (e.g., Mo, Fe, and Mn) because of the dilution effect
(EI-Ghamry, 2010; Giilser, 2005; Ronaghi et al., 2002), we found
that the concentration of micronutrients in plant increased signif-
icantly as a results of increased N fertilizers rates (Table 5). Our
findings are in the line with Ebed et al. (2009). In this respect, it
may be suggested that, increasing N-level could enhance the phys-
iological functions of plant cell and in turn the uptake of these
micronutrients. Furthermore, we found that using urea fertilizer
as a source of N was the best to give the higher values of previous
characters of spinach plants. Also, lacking of Mo in plants suppress
plant chloroplast, reducing chlorophyll contents. Molybdenum
accelerates the activities of photosynthetic and products of photo-
synthesis (Nasar and Shah, 2017). An increase in Mo improves
plants N uptake through nodule formation, enhancing protein con-
tent in plants (Kobraee, 2019). Molybdenum is a key element in the
formation of enzymes that transform NOs3 into nitrite and then into
ammonia before they are transformed into amino acids within
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plants. Biscaro et al. (2011) demonstrated that N fertilization
increased common bean yield only when combined with Mo as a
foliar application. Nitrate reductase and nitrogenase activities are
influenced by Mo status of plants as their activities in plants sup-
pressed with Mo deficiency (Toledo et al., 2010). Whilst, Mo as a
foliar spray significantly increased the activities of nitrate reduc-
tase and nitrogenase, increasing total N accumulated in plant
(Biscaro et al., 2011). Molybdenum also utilized to convert inor-
ganic P into organic P in plants. Consequently, the N and P contents
of spinach were increased.

Manganese participates in enzymes and photosynthetic pro-
teins structure. It also influences the water-splitting system of pho-
tosystem II (PSII), which supplies the important electrons for
photosynthesis (Buchanan et al., 2000). Moreover, Mn plays a mas-
ter role in plants as cofactor of many enzymes such as Mn-catalase,
Mn-superoxide dismutase, phospho-enolpyruvate carboxykinase,
and pyruvate carboxylase (Ducic and Polle, 2005). It is also neces-
sary for the biosynthesis of chlorophyll, secondary products (e.g.,
lignin and flavonoids), and aromatic amino acids (Lidon et al.,
2004). It also participates in the assimilation of NO3 (Ducic and
Polle, 2005). These important roles of Mn were clearly demon-
strated in our study through its significant role in increasing the
plant growth attributes, yield, leaf pigments (chlorophyll a and b,
and carotenoids), protein concentration, macronutrients (N, P,
and K), and micronutrients (Mn, Fe, and Zn) of spinach. Manganese
deficiency reduced photosynthesis and crop yield quality and
quantity as Mg is active part in enzymes involved in carbohydrate
metabolism (Diedrick, 2010; Malakouti and Tehrani, 1999). Malak-
outi and Tehrani (1999) reported that potato yield increased and
storage dry matter improved when Mn was applied. Spraying
plants with Mo and Mn combined together at any N fertilizers
levels increased chlorophyll and nutrient content in leaves, thus
increasing vegetative growth and increasing spinach yield. The
combination between micronutrients foliar and N fertilizer
enhanced chickpea yield quality and quantity as shown by
Rahman et al. (2017).
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5. Conclusions

Regarding environment and human health, it is very important
to investigate the effect of foliar application on N fertilization
reflected beneficial effects on leaf quality and NO3 accumulation
in spinach leaves as the uptake of elements by plants can be asso-
ciated with the N fertilization. Therefore, this study investigated
the effect of foliar application of Mo and Mg on the quality of spi-
nach leaves and the accumulation of nitrates in leaf tissues. Foliar
spraying improved the leaf content of additives and decreased the
nitrate content in spinach leaf tissues. There is need to investigate
Mo-modulated molecular mechanisms regulating minerals uptake
and accumulation in leaves tissues. In this respect, the chemical
constituents of spinach could be improved and minimize the neg-
ative effects of NO3 on health by the application of urea-N at the
rate of 360 kg N ha~! and spraying with mixture of Mo and Mn
at the rate of 50 and 50 mg L™, respectively.

Author contributions

Conceptualization: All authors have read and agreed to the
published version of the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgment

The current work was funded by Taif University Researchers
Supporting Project number (TURSP-2020/110), Taif University. Taif
Saudi Arabia

References

Ahmadi, H., Akbarpour, V., Shojajaeian, A., 2010. Effect of different levels of nitrogen
fertilizer on yield, nitrate, accumulation and several quantitative attributes of
five Iranian spinach accessions. Am. Eurasian J. Agric. Environ. Sci. 8, 468-473.

Aisha, H.A., Hafez, M.M., Asmaa, R.M., Shafeek, M., 2013. Effect of Bio and chemical
fertilizers on growth, yield and chemical properties of spinach plant (Spinacia
oleracea L.). Middle East J. Agric. Res. 2, 16-20.

Alessa, O., Najla, S., Murshed, R., 2017. Improvement of yield and quality of two
Spinacia oleracea L. varieties by using different fertilizing approaches. Physiol.
Mol. Biol. Plants 23 (3), 693-702.

Alvino, A., Barbieri, G., 2016. In: Encyclopedia of Food and Health. Elsevier, pp. 393-
400. https://doi.org/10.1016/B978-0-12-384947-2.00712-1.

Anjana, S.U., Igbal, M., 2007. Protected article Nitrate accumulation in plants, factors
affecting the process, and human health implications. A review. Agron. Sustain.
Dev. 27 (1), 45-57.

Bambara, S., Ndakidemi, P.A., 2010. The potential roles of lime and molybdenum on
the growth, nitrogen fixation and assimilation of metabolites in nodulated
legume: A special reference to Phaseolus vulgaris L. Afr. ]. Biotechnol. 9, 2482-
2489.

Bar-Akiva, A., 1975. Nitrate estimation in citrus leaves as a means of evaluating
nitrogen fertilizer requirement of citrus trees. Fruits. 1975.

Bélanger, G., Walsh, J.R,, Richards, J.E., Milburn, P.H., Ziadi, N., 2000. Comparison of
three statistical models describing potato yield response to nitrogen fertilizer.
Agron. J. 92 (5), 902-908.

Biscaro, G.A., de Araujo Motomiya, A.V., Ranzi, R, Vaz, M.AB., do Prado, EAF.,,
Silveira, B.L.R, 2011. Desempenho do milho safrinha irrigado submetido a
diferentes doses de nitrogénio via solo e foliar. Agrarian 4, 10-19.

Blom-Zandstra, Margaretha, 1989. Nitrate accumulation in vegetables and its
relationship to quality. Ann. Appl. Biol. 115 (3), 553-561.

Boussadia, O., Steppe, K., Zgallai, H., Ben El Hadj, S., Braham, M., Lemeur, R., Van
Labeke, M.C., 2010. Effects of nitrogen deficiency on leaf photosynthesis,
carbohydrate status and biomass production in two olive cultivars ‘Meski’and
‘Koroneiki'. Sci. Hortic. 123 (3), 336-342.

Bremner, J.T., 1965. Inorganic forms of nitrogen. Methods of Soil Analysis: Part 2
Chem. Microbiol. Propert. 9, 1179-1237.

Buchanan, B., Grusen, W., Jones, R., 2000. Biochemistry and molecular biology of
plants. American Society, of Plant Physiologists Maryland..

2245

Saudi Journal of Biological Sciences 29 (2022) 2238-2246

Bullock, David S., Lowenberg-DeBoer, Jess, Swinton, Scott M., 2002. Adding value to
spatially managed inputs by understanding site-specific yield response. Agric.
Econ. 27 (3), 233-245.

Calonego, Juliano Carlos, Ramos Junior, Edson Ulisses, Barbosa, Rodrigo Domingues,
Leite, Glauber Henrique Pereira, Grassi Filho, Hélio, 2010. Adubagao
nitrogenada em cobertura no feijoeiro com suplementagdo de molibdénio via
foliar. Revista Ciéncia Agronomica 41 (3), 334-340.

Canali, S., Diacono, M., Ciaccia, C., Masetti, O., Tittarelli, F., Montemurro, F., 2014.
Alternative strategies for nitrogen fertilization of overwinter processing spinach
(Spinacia oleracea L.) in Southern Italy. Eur. J. Agron. 54, 47-53.

Cantliffe, D., 1992. 1992. Nitrate accumulation in vegetable crops as affected by
photoperiod and light duration (beets, radish, spinach, beans). J. Am. Soci. Hort.
Sci. 97, 414-418.

Cecilio-Filho, Arthur Bernardes, L6pez-Aguilar, Miguel Angel, Rugeles-Reyes, Sergio
Manuel, Mendoza-Cortez, Juan Waldir, 2019. Molybdenum dosage and
application timing in sweet corn. Revista Colombiana de Ciencias Horticolas
13 (2), 219-227.

Chapman, H.D., 1961. Methods of Analysis for Soil. Univ. Calif., D. V., Agric. Sci., USA,
Plants and Water.

Chen, L., Chen, ]., Liang, L., Xu, H., Song, B., Su, X,, Yuan, X., 2009. Effects of
molybdenum and manganese on nitrate reductase activity and quality of
Brassica campestris ssp. chinensis. China Vegetables, 15-18.

Cho, Mi Jin, Howard, Luke R, Prior, Ronald L, Morelock, Teddy, 2008. Flavonoid
content and antioxidant capacity of spinach genotypes determined by high-
performance liquid chromatography/mass spectrometry. J. Sci. Food Agric. 88
(6), 1099-1106.

Choi, Sun Young, Chung, Mi Ja, Lee, Sung-Joon, Shin, Jung Hye, Sung, Nak Ju, 2007. N-
nitrosamine inhibition by strawberry, garlic, kale, and the effects of nitrite-
scavenging and N-nitrosamine formation by functional compounds in
strawberry and garlic. Food Control 18 (5), 485-491.

Desoky, El-Sayed M., Saad, Ahmed M., El-Saadony, Mohamed T., Merwad, Abdel-
Rahman M., Rady, Mostafa M., 2020. Plant growth-promoting rhizobacteria:
Potential improvement in antioxidant defense system and suppression of
oxidative stress for alleviating salinity stress in Triticum aestivum (L.) plants.
Biocatal. Agric 30, 101878. https://doi.org/10.1016/j.bcab.2020.101878.

Diedrick, K., 2010. Manganese fertility in soybean production. Pioneer Hi-Bred
Agron. Sci. 20, 23-28.

Ducic, Tanja, Polle, Andrea, 2005. Transport and detoxification of manganese and
copper in plants. Braz. ]. Plant Physiol. 17 (1), 103-112.

Ebed, F.A., Baddour, G., Khidr, Z.A., Salem, N.F., 2009. Response of growth and
mineral composition of radish and parsley plants to different N-Forms, N-levels
and some micronutrints. J. Soil S. Agric. Eng. 34, 4065-4079.

El-Ghamry, A.M., 2010. Nitrate accumulation as affected by nitrogen fertilization
and foliar application of micronutrients in rocket plant. In: Molecular
Environmental Soil Science at the Interfaces in the Earth’s Critical Zone.
Springer, Berlin, Heidelberg, pp. 103-109.

Elrys, Ahmed S., Abdo, Ahmed LE., Desoky, El-Sayed M., 2018. Potato tubers
contamination with nitrate under the influence of nitrogen fertilizers and spray
with molybdenum and salicylic acid. Environ. Sci. Pollut. Res. 25 (7), 7076-
7089.

Elrys, Ahmed S., Raza, Sajjad, Abdo, Ahmed I, Liu, Zhanjun, Chen, Zhujun, Zhou,
Jianbin, 2019. Budgeting nitrogen flows and the food nitrogen footprint of Egypt
during the past half century: Challenges and opportunities. Enviro. Int. 130,
104895. https://doi.org/10.1016/j.envint.2019.06.005.

El-Saadony, Mohamed T., Saad, Ahmed M., Najjar, Azhar A., Alzahrani, Seraj O.,
Alkhatib, Fatmah M., Shafi, Manal E., Selem, Eman, Desoky, El-Sayed M., Fouda,
Sarah E.E., El-Tahan, Amira M., Hassan, Mokhles A.A. 2021a. The use of
biological selenium nanoparticles to suppress Triticum aestivum L. crown and
root rot diseases induced by Fusarium species and improve yield under drought
and heat stress. Saudi. J. Biol. Sci. 28 (8), 4461-4471.

El-Saadony, Mohamed T., Desoky, El-Sayed M., Saad, Ahmed M., Eid, Rania S.M.,
Selem, Eman, Elrys, Ahmed S., 2021b. Biological silicon nanoparticles improve
Phaseolus vulgaris L. yield and minimize its contaminant contents on a heavy
metals-contaminated saline soil. ]. Enviro. Sci. 106, 1-14.

El-Saadony, Mohamed T., S. F. Khalil, Osama, Osman, Ali, Alshilawi, Mashaeal S.,
Taha, Ayman E., Aboelenin, Salama M., Shukry, Mustafa, Saad, Ahmed M., 2021c.
Bioactive peptides supplemented raw buffalo milk: Biological activity, shelf life
and quality properties during cold preservation. Saudi J. Biol. Sci. 28 (8), 4581-
4591.

El-Saadony, M.T., Abd El-Hack, M.E., Swelum, A.A., Al-Sultan, S.I., EI-Ghareeb, W.R.,
Hussein, E.O., Nader, M.M., 2021d. Enhancing quality and safety of raw buffalo
meat using the bioactive peptides of pea and red kidney bean under
refrigeration conditions. Italian J. Animal Sci. 20 (1), 762-776.

Felix, J. David, Avery, G. Brooks, Mead, Ralph N., Kieber, Robert ]., Willey, Joan D.,
2016. Nitrogen content and isotopic composition of Spanish Moss (Tillandsia
usneoides L.): reactive nitrogen variations and source implications across an
urban coastal air shed. Enviro. Processes 3 (4), 711-722.

Giilser, Fiisun, 2005. Effects of ammonium sulphate and urea on NO3 and NO3
accumulation, nutrient contents and yield criteria in spinach. Sci. Hortic. 106
(3), 330-340.

Hanafy, A., 1997. Effect of foliar application of some chemicals on sex expression of
squash plants. Mansoura University ]. Agric. Sci. 22 (3), 697-717.

Hanafy Ahmed, A., Mishriky, J., Khalil, M., 2002. Reducing nitrate accumulation in
lettuce (Lactuca sativa L.) plants by using different biofertilizers. Ann. Agric. Sci.
47,27-42.


http://refhub.elsevier.com/S1319-562X(21)01001-9/h0005
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0005
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0005
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0010
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0010
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0010
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0015
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0015
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0015
https://doi.org/10.1016/B978-0-12-384947-2.00712-1
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0025
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0025
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0025
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0035
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0035
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0035
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0035
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0040
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0040
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0045
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0045
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0045
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0050
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0050
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0050
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0055
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0055
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0060
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0060
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0060
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0060
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0065
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0065
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0070
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0070
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0075
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0075
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0075
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0080
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0080
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0080
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0080
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0085
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0085
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0085
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0090
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0090
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0090
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0095
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0095
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0095
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0095
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0100
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0100
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0105
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0105
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0105
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0110
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0110
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0110
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0110
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0115
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0115
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0115
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0115
https://doi.org/10.1016/j.bcab.2020.101878
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0125
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0125
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0135
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0135
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0140
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0140
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0140
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0145
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0145
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0145
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0145
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0150
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0150
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0150
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0150
https://doi.org/10.1016/j.envint.2019.06.005
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0160
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0160
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0160
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0160
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0160
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0160
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0165
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0165
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0165
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0165
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0170
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0170
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0170
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0170
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0170
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0175
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0175
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0175
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0175
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0180
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0180
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0180
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0180
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0185
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0185
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0185
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0185
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0190
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0190
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0195
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0195
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0195

F.M. Gadallah, N.A. El-Sawah, Hussein E.E. Belal et al.

Hunt, R., 1982. Plant growth curves. The functional approach to plant growth
analysis, Edward Arnold Ltd.

Ismail, A., Marjan, Z., Foong, C., 2004. Total antioxidant activity and phenolic
content in selected vegetables. Food Chem. 87 (4), 581-586.

Jackson, Christopher, Dench, Jane, Moore, Anthony L., Halliwell, Barry, Foyer,
Christine H., Hall, David O., 1978. Subcellular localisation and identification of
superoxide dismutase in the leaves of higher plants. Eur. J. Biochem. 91 (2),
339-344.

Jun-liang, L., Xin-ping, C., Xiao-lin, L., 2003. Effect of N fertilization on yield, nitrate
content and N apparent losses of Chinese cabbage. Acta Pedol. Sin. 40, 266-272.

Kaiser, B.N., Gridley, K.L., Ngaire Brady, ]., Phillips, T., Tyerman, S.D., 2005. The role
of molybdenum in agricultural plant production. Ann. Bot. 96, 745-754.

Kobraee, S., 2019. Effect of foliar fertilization with zinc and manganese sulfate on
yield, dry matter accumulation, and zinc and manganese contents in leaf and
seed of chickpea (Cicer arietinum). J. Appl. Biol Biotechnol. 7, 20-28.

Krezel, ]., Kolota, E., 2003. Yield evaluation of some chinese cabbage cultivars in
spring and autumn cultivation. Folia Horticult. (Poland).

Leghari, S.J., Wahocho, N.A., Laghari, G.M., HafeezLaghari, A., MustafaBhabhan, G.,
HussainTalpur, K., Bhutto, T.A., Wahocho, S.A., Lashari, A.A., 2016. Role of
nitrogen for plant growth and development: A review. Adv. Environ. Biol. 10,
209-219.

Lidon, Fernando Cebola, Barreiro, Maria Graga, Ramalho, José Cochicho, 2004.
Manganese accumulation in rice: implications for photosynthetic functioning. J.
Plant Physiol. 161 (11), 1235-1244.

Liu, Cheng-Wei, Sung, Yu, Chen, Bo-Ching, Lai, Hung-Yu, 2014. Effects of nitrogen
fertilizers on the growth and nitrate content of lettuce (Lactuca sativa L.). Int. ].
Environ. Res. Public Health 11 (4), 4427-4440.

Malakouti, M., Tehrani, M., 1999. Effects of micronutrients on the yield and quality
of agricultural products (micro nutrients with macro effects). Tarbiat Modares
University publication, Iran.

Marquez-Quiroz, C., Lopez-Espinosa, S., Sinchez-Chavez, E., Garcia-Bafiuelos, M., la
Cruz-Lazaro, D., Reyes-Carrillo, J., 2014. Effect of vermicompost tea on yield and
nitrate reductase enzyme activity in saladette tomato. J. Soil Sci. Plant Nutr. 14,
223-231.

Mengel, K., Kirkby, E., 2001. Principles of plant nutrition.
Publishers, Dordrecht, The Netherlands.

Mensinga, Tjeert T, Speijers, Gerrit ] A, Meulenbelt, Jan, 2003. Health implications of
exposure to environmental nitrogenous compounds. Toxicol. Rev. 22 (1), 41-51.

Mikkelsen, R., Hartz, T., 2008. Nitrogen sources for organic crop production. Better
crops 92, 16-19.

Min, Y., Hu, C.-X,, Sun, X.-C., Wang, Y.-H., 2010. Influences of Mo on nitrate
reductase, glutamine synthetase and nitrogen accumulation and utilization in
Mo-efficient and Mo-inefficient winter wheat cultivars. Agric. Sci. in China 9,
355-361.

Najm, A.A., Hadi, M.R.H.S., Darzi, M.T., Fazeli, F., 2013. Influence of nitrogen fertilizer
and cattle manure on the vegetative growth and tuber production of potato. Int.
J. Agri. Crop. Sci. 5, 147-154.

Nasar, J., Shah, Z., 2017. Effect of iron and molybdenum on yield and nodulation of
lentil. ] Agric. Biol. Sci. 12, 332-339.

Page, A.L, Keeney, D., 1982. Methods of soil analysis. Am. Soc, Agron.

Piper, C.S., 1947. Soil and Plant Analysis. The University of Adelaide, Adelaide. UK.
Plant Physiol. 133, 692-704.

Prasad, Surendra, Chetty, Adrian Avinesh, 2008. Nitrate-N determination in leafy
vegetables: Study of the effects of cooking and freezing. Food Chem. 106 (2),
772-780.

Qiu, Shaojun, Xie, Jiagui, Zhao, Shicheng, Xu, Xinpeng, Hou, Yunpeng, Wang,
Xiufang, Zhou, Wei, He, Ping, Johnston, Adrian M., Christie, Peter, Jin, Jiyun,
2014. Long-term effects of potassium fertilization on yield, efficiency, and soil
fertility status in a rain-fed maize system in northeast China. Field Crops Res.
163, 1-9.

Rahman, LU, ljaz, F., Afzal, A, Igbal, Z., 2017. Effect of foliar application of plant
mineral nutrients on the growth and yield attributes of chickpea (Cicer
arietinum L.) under nutrient deficient soil conditions. Bangladesh ]. Bot. 46,
111-118.

Kluwer Academic

2246

Saudi Journal of Biological Sciences 29 (2022) 2238-2246

Ronaghi, A., Parvizi, Y., Karimian, N., 2002. Effect of nitrogen and manganese on the
growth and chemical composition of spinach. J. Sci. Technol. Agric. Nat. Resour..

Saad, Ahmed Mohamed, Osman, Ali Osman Mohamed, Mohamed, Alaa Samy,
Ramadan, Mohamed Fawzy, 2020. Enzymatic hydrolysis of Phaseolus vulgaris
protein isolate: Characterization of hydrolysates and effect on the quality of
minced beef during cold storage. Int. ]. Pept. Res. Ther. 26 (1), 567-577.

Saad, Ahmed M., Mohamed, Alaa S., El-Saadony, Mohamed T., Sitohy, Mahmoud Z.,
2021a. Palatable functional cucumber juices supplemented with polyphenols-
rich herbal extracts. LWT - Food Sci. Technol. 148, 111668. https://doi.org/
10.1016/j.lwt.2021.111668.

Saad, Ahmed M., Sitohy, Mahmoud Z., Ahmed, Alshaymaa I., Rabie, Nourhan A.,
Amin, Shimaa A., Aboelenin, Salama M., Soliman, Mohamed M., El-Saadony,
Mohamed T., 2021b. Biochemical and functional characterization of kidney
bean protein alcalase-hydrolysates and their preservative action on stored
chicken meat. Molecules 26 (15), 4690. https://doi.org/
10.3390/molecules26154690.

Santamaria, Pietro, 2006. Nitrate in vegetables: toxicity, content, intake and EC
regulation. J. Sci. Food Agric. 86 (1), 10-17.

Santamaria, P., Gonnella, M., Elia, A., Parente, A., Serio, F., 2001. Ways of reducing
rocket salad nitrate content. Acta Hortic. (548), 529-536. https://doi.org/
10.17660/ActaHortic.2001.548.64.

Smatanova, M., Richter, R., Hlu3ek, J., 2011. Spinach and pepper response to nitrogen
and sulphur fertilization. Plant Soil Environ. 50 (No. 7), 303-308.

Steel, R,, 1997. Analysis of variance II: multiway classifications. Principles and
procedures of statistics: A biometrical approach, pp. 204-252..

Tavakoli, M.T., Chenari, A.l, Rezaie, M., Tavakoli, A., Shahsavari, M., Mousavi, S.R.,
2014. The importance of micronutrients in agricultural production. Adv.
Environ. Biol., 31-36.

Toledo, Merry Evelyn A, Ueda, Yoshinori, Imahori, Yoshihiro, Ayaki, Mitsuko, 2003.
L-ascorbic acid metabolism in spinach (Spinacia oleracea L.) during postharvest
storage in light and dark. Postharvest Biol. Technol. 28 (1), 47-57.

Toledo, M.Z., Garcia, R.A., Rocha Pereira, M.R., Fernandes Boaro, C.S., Lima, G.P.P.,
2010. Nodulagdo e atividade da nitrato redutase em fungdo da aplicagdo de
molibdénio em soja. Bioscience Journal, 858-864.

Tonacchera, M., Pinchera, A., Dimida, A., Ferrarini, E., Agretti, P., Vitti, P., Santini, F.,
Crump, K., Gibbs, J., 2004. Relative potencies and additivity of perchlorate,
thiocyanate, nitrate, and iodide on the inhibition of radioactive iodide uptake by
the human sodium iodide symporter. Thyroid 14, 1012-1019.

Valenciano, J., Boto, J., Marcelo, V., 2011. Chickpea (Cicer arietinum L.) response to
zinc, boron and molybdenum application under field conditions. N. Z. ]J. Crop
Hortic. Sci. 39, 217-229.

Vieira, R., Vieira, C, Cardoso, E., Mosquim, P., 1998. Foliar application of
molybdenum in common bean. II. Nitrogenase and nitrate reductase activities
in a soil of low fertility. J. Plant Nutr. 21, 2141-2151.

Wang, Z., Li, S., 2003. Effects of N forms and rates on vegetable growth and nitrate
accumulation. Pedosphere 13, 309-316.

Wang, Z, Li, S., 2004. Effects of nitrogen and phosphorus fertilization on plant
growth and nitrate accumulation in vegetables. J. Plant Nutr. 27, 539-556.
Wang, Z.H., Li, S.X., Malhi, S., 2008. Effects of fertilization and other agronomic

measures on nutritional quality of crops. J. Sci. Food Agric. 88, 7-23.

Wilkinson, S., Grunes, D., Sumner, M., 2000. Nutrient interactions in soil and plant
nutrition. Handbook of soil science, 89-112.

Ximenes, M., Rath, S., Reyes, F., 2000. Polarographic determination of nitrate in
vegetables. Talanta 51, 49-56.

Yaneva, LA. Baydanova, V.D., Vunkova-Radeva, R.V. 2000. Nitrate reductase
activation state in leaves of molybdenum-deficient winter wheat. ]. Plant
Physiol. 157, 495-501.

Zabihi-e-Mahmoodabad, R., Jamaati-e-Somarin, S., Khayatnezhad, M., Gholamin, R.,
2010. Quantitative and qualitative yield of potato tuber by used of nitrogen
fertilizer and plant density. Am. Eurasian ]. Agric. Environ. Sci. 9, 310-318.

Zeka, N., Mero, G., Skenderasi, B., Gjangi, S., 2014. Effects of nitrogen sources and
levels on yield and nutritive values of spinach (Spinacia oleracea L.). ]. Int. Acad.
Res. Multidiscip. 2, 327-337.


http://refhub.elsevier.com/S1319-562X(21)01001-9/h0200
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0200
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0205
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0205
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0210
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0210
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0210
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0210
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0215
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0215
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0220
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0220
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0230
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0230
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0230
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0235
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0235
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0240
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0240
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0240
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0240
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0245
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0245
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0245
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0250
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0250
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0250
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0255
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0255
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0255
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0260
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0260
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0260
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0260
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0270
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0270
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0275
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0275
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0280
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0280
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0285
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0285
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0285
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0285
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0290
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0290
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0290
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0295
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0295
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0300
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0305
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0305
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0310
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0310
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0310
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0315
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0315
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0315
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0315
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0315
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0325
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0325
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0325
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0325
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0330
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0330
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0335
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0335
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0335
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0335
https://doi.org/10.1016/j.lwt.2021.111668
https://doi.org/10.1016/j.lwt.2021.111668
https://doi.org/10.3390/molecules26154690
https://doi.org/10.3390/molecules26154690
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0350
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0350
https://doi.org/10.17660/ActaHortic.2001.548.64
https://doi.org/10.17660/ActaHortic.2001.548.64
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0360
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0360
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0370
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0370
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0370
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0375
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0375
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0375
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0380
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0380
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0380
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0385
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0385
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0385
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0385
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0390
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0390
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0390
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0395
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0395
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0395
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0400
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0400
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0405
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0405
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0410
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0410
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0415
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0415
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0420
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0420
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0425
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0425
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0425
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0430
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0430
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0430
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0440
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0440
http://refhub.elsevier.com/S1319-562X(21)01001-9/h0440

	Nitrogen-molybdenum-manganese co-fertilization reduces nitrate accumulation and enhances spinach (Spinacia oleracea L.) yield and its quality
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Morphological and quality parameters
	2.2.1 Growth parameters
	2.2.2 Chemical measurements

	2.3 Statistical analysis

	3 Results
	3.1 Effect of N-Mo-Mn co-fertilization on plant attributes of spinach at harvest time
	3.2 Effect of N-Mo-Mn co-fertilization on leaf area ratio and net assimilation rate of spinach leaves at various sampling times
	3.3 The effect of N-Mo-Mn co-fertilization on leaves pigments, protein, total soluble carbohydrate, and NO3− accumulation of spinach leaves
	3.4 Effect of N-Mo-Mn co-fertilization on nutrients contents of spinach leaves at harvest

	4 Discussion
	4.1 The vital role of N-Mo-Mn co-fertilization in mitigating NO3− accumulation
	4.2 The yield and chemical constituents of spinach increased due to the co-fertilization of N-Mo-Mn

	5 Conclusions
	Author contributions
	Declaration of Competing Interest
	Acknowledgment
	References


