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Abstract: Root-knot nematodes, Meloidogyne species are among the most
critical plant-parasitic nematodes attacking okra Abelmoschus esculentus (L.)
Moench in tropical and subtropical regions. In the present study, the effects of
various levels of zinc and iron on okra infected with M. javanica were
investigated under greenhouse conditions in a completely randomized factorial
design with five replications. Four-leaf stage seedlings of the susceptible okra,
cv. Clemson Spineless were inoculated with 8000 eggs of M. javanica per pot.
Five days later, the soil of each pot was treated with a combination of iron or
zinc (0, 1, 3, and 6 mg-kg" soil) from nano chelated iron and zinc fertilizer
sources. Sixty days after inoculation, plants were harvested, and okra growth
indices and nematode population indices were determined. Results showed that
vegetative indices increased in most cases compared to non-treated plants.
Fruit fresh weight of inoculated plants treated with iron at the rate of 1 mg-kg™
soil + zinc at the rate of 3 mg-kg" soil from nano chelated iron and zinc
fertilizer sources increased by 205%, compared to inoculated control plants.
Combined application of iron at the rate of 6 mg-kg™' soil + zinc at the rate of 6
mg-kg" soil from nano chelated iron and zinc fertilizer sources reduced the
number of eggs, galls, and egg masses per root system and the reproductive
factor (224, 415, 455 and 231%, respectively) compared to non-treated plants.

Keywords: Fe and Zn nano chelated fertilizers, management, okra yield, root-
knot nematodes

Introduction

Okra is an important vegetable in tropical and
subtropical countries and has high magnesium,
potassium, phosphorus, carbohydrates, vitamin
A and folic acid (Al-Wandawai, 1983). The
total areas under okra cultivation and annual
yield production in Iran are 1038 ha and 16791
tons. The major okra growing area in Iran is
Khoozestan province, with 16 tons production
per hectare (Anonymous, 2019).
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Root-knot nematodes Meloidogyne species
are among the most harmful pathogens on okra
Abelmoschus esculentus (L.) Moench causing a
severe reduction in plant growth and flower
formation (Hussain ef al., 2011; Mukhtar et al.,
2013). Anwar and McKenry (2012) reported that
root-knot nematodes are responsible for yield
losses of okra up to 27%. The rapidly growing
world population and limitation of food supplies
and demand for growing agricultural products
have led researchers to seek alternative methods
to increase crop yield. One of these methods is
the use of pesticides and fertilizers (Zilverberg et
al., 2010). Organic, chemical, and biological
fertilizers are used to improve soil fertility and
increase crop yield. The use of fertilizers
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increases yields and possibly reduces damage
caused by root-knot nematodes (Ramazani ef a!.,
2013). This evidence is that more potent plants
have more capacity to compensate for the loss of
photosynthesis and reduce the root and leaf area
caused by the plant pathogens or stress
conditions (Katan, 2009). Okada and Harada
(2007) and Fiscus and Neher (2002) showed that
fertilizers could affect the population of
nematodes in the soil and their effects on crop
yield.

Nanotechnology in fertilizer production may
lead to optimal release and increase the
efficiency of absorption of nutrients in the
fertilizer by crops, resulting in significant
economic and environmental benefits (Liu and
Lal, 2015). Nano fertilizers are nutrient carriers
in the range of 30 to 40 nm, and due to their
high specific levels, they can carry nutrient ions
appropriately (Subramanian et al., 2015). Nano
fertilizers have high consumption efficiency
and can release their nutrients at the right point
in the root zone (Zheng et al., 2005). Efficient
use of nanomaterials in agriculture may
complement or replace conventional fertilizers
and pesticides, subsequently reducing the
environmental impact of agricultural practices.
These materials can suppress plant diseases by
directly acting on pathogens through various
mechanisms, including the generation of
reactive oxygen species, and may also suppress
disease indirectly by improving crop nutrition
and enhancing plant defense pathways (Adisa et
al., 2019).

This study aimed to determine the effect of
nano chelated iron (NCFe), and zinc (NCZn)
fertilizers on M. javanica infected okra under
greenhouse conditions.

Materials and Methods

Preparation of nematode

In the summer of 2018, galled roots of tomato
plants were collected from the field and
greenhouses of Boyer Ahmad County, Iran.
Root-knot nematodes were purified using the
single egg mass method (Hussey and Barker,
1973), where a single egg mass was removed
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from galled roots, surface sterilized with 0.5%
NaOCIl for 2 min rinsed through 3 series of
sterilized water. The single egg mass was
inoculated to 4 -leaf stage seedlings of
susceptible tomato (cv. Early Urbana) and kept
at 28 = 4 °C for three months (Hussey and
Barker, 1973). The females of nematode
species were identified according to Jepson
(1987). More cultures were then produced
under the same conditions to increase the
inoculum of M. javanica required for the
experiments (Hartman and Sasser, 1985;
Eisenback and Triantaphyllou, 1991).

Tomato roots infected with M. javanica
were harvested and washed carefully with
running water. Roots were chopped into 1 cm
pieces ground to fine particles in a 0.5% NaOCl
solution using an electric blender for 40 s to
extract nematodes eggs. The blender contents
were passed through a 74-pum sieve placed on
top of a 25-um sieve and washed immediately
with distilled water to remove NaOCI solution.
The remaining nematode eggs on the 25um
sieve were washed and transferred to a glass
beaker and counted (Hussey and Barker, 1973).

Preparation of chemical fertilizers

Iron and zinc at the rate of 0, 1, 3, and 6 rng-kg'1
soil from NCFe and NCZn sources (Khazra
Co., Tehran, Iran) with 12 and 9% purity,
respectively, were used. To produce NCZn
according to a patent (Nazaran, 2012), 10 g of
soluble zinc compound was dissolved in
distilled water and put on a shaker to be mixed
for 30 min. Afterward, two suitable organic-
acid monomers (5 g each) were added to the
solution with a pH kept around 6. The solution
was blended for 3 h and then 0.5 g of an
emulsifying agent added and the mix blended
for 15 min at 35 °C. Following that, the solution
was left to rest for approximately 1 h and dried
at 70 °C. According to patents, the NCFe was
produced according to a hydrothermal method
(Nazaran, 2012; Fakharzadeh et al., 2020).

Greenhouse studies
Greenhouse experiments were conducted at
Boyer-Ahmad County, Iran, in 2019. Plastic
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pots (17.2 cm dia, 17 cm height) were filled
with 2 kg steam-sterilized mix of sandy loam
soil (pH 7.45, 76% calcium carbonate, 52.9
mg-kg" phosphorus, 0.170 mg-kg" of organic
matter), sand, and cow manure at a ratio of
1:1:2 by volume, respectively, and seeded
with okra cv. Clemson Spineless. Plants were
kept in the greenhouse at 28 + 4 °C with a
16:8 h light to dark photoperiod. Pots were
separated into two sets, 4-leaf stage seedlings
of the first set inoculated with M. javanica
eggs (8,000), and the other set was not
inoculated (non-inoculated plants). After five
days, each set was soil-drenched separately
with nano chelated fertilizers, at different
levels, with irrigation water. The following
treatments were evaluated in each set,
including treated plants with iron and zinc 1,
3, 6 mgkg soil separately or in combination
with each other, and untreated plants a total
of 16 treatments in five replications were
performed.

Sixty days after nematode inoculation,
plants were harvested, shoot length, shoot and
fruit fresh and dry weights, and fresh root
weight, as well as the number of eggs, egg
masses, and galls per root system, second-
stage juveniles (J2s) in soil and the
reproduction factor of nematode, were
determined (Sasser and Taylor, 1978). One
gram of infected root was used for extraction
of eggs wusing 0.5% NaOCIl solution.
Extracted eggs were counted and converted to
the total root volume (Hussey and Barker,
1973). One gram of roots of infected plants
using 0.1% fuchsin acid solution was stained
(Byrd et al., 1983). The numbers of galls and
egg masses were counted using a
stereomicroscope (40X magnification) and
extrapolated to the total root volume. The J2s
were extracted from the soil with the
Whitehead and Hemming (1965) tray method.
The final nematode population was the total
number of nematodes in roots and soil, and
the reproduction factor was calculated by
dividing the final population density of
nematode by the initial population density
(8000 eggs).
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Statistical analysis

Data of plant growth parameters were subjected
to a4 x4 x 2 (NCFe x NCZn x nematode)
factorial analysis of variance (ANOVA), and
the data of nematode population indices were
subjected to a 4 x 4 (NCFe x NCZn) factorial
analysis of variance (ANOVA) in a completely
randomized design using SAS statistical
software ver. 9.4 (ver. 9.4, SAS Institute, Cary,
NC). Means were separated using the least
significant difference (LSD) test at P < 0.05.

Results

Impact of nano chelated fertilizers on plant
growth parameters

Shoot length of nematode inoculated plants
treated with zinc at the rate of 1 mgkg" soil
(NCZnl), iron at the rate of 6 mgkg' soil
(NCFe3), and non-treated plants (control)
significantly decreased compared to the non-
inoculated plants. Shoot fresh and dry weight of
nematode inoculated plants treated with zinc at
the rate of 6 mg-kg" soil (NCZn3) and iron at
the rate of 3 mg-kg” soil + zinc at the rate of 3
mgkg' soil (NCFe2 + NCZn2), significantly
decreased compared to the non-inoculated
plants. Fruit fresh weights of nematode
inoculated plants treated with iron at the rate of
3 mg'kg” soil + zinc at 3 mg-kg” soil (NCFe2 +
NCZn2) significantly decreased non-inoculated
plants. Fruit fresh weight of non-inoculated
plants treated with iron at the rate of 3 mgkg"
soil + zinc at 3 mgkg"' soil (NCFe2 + NCZn2)
increased by 165%compared to non-inoculated
control plants. Fruit fresh weight of inoculated
plants treated with iron at the rate of 1 mgkg"
soil + zinc at the rate of 3 mg-kg” soil (NCFel
+ NCZn2) increased by 205%, compared to
inoculated control plants. Fruit dry weights of
nematode inoculated plants treated with iron at
the rate of 1 mg'kg" soil (NCFel) significantly
decreased compared to the non-inoculated
plants. Root fresh weight of nematode
inoculated plants treated with iron at the rate of
3 mg'kg” soil + zinc at 3 mg-kg” soil (NCFe2 +
NCZn2) significantly increased non-inoculated
plants (Table 1).
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Table 1 Mean plant growth parameters of inoculated and non-inoculated okra plants with Meloidogyne javanica
treated with nano chelated iron (NCFe) and zinc (NCZn) fertilizer.

Fe Zn Shoot Shoot fresh Shoot dry Root fresh fruit fresh fruit dry
(mgkg' soil) (mgkg'soil) OO o oth(em)  weight (g) weight (2)  weight (g) weight (g) weight (g)
0 0 NI 60409  160+02" 3.0£02"  5.1+05% 6206  31+03"
I 49.6+0.5" 1124044 3001 50+£02* 40+08% 1.7 +0.1M
1 NI 629+15"  144+05™ 47+03"  6.1+06" 89+1* 42+02%
I 525416 126+0.1" 29+£04"  34+06% 8508  3.1+01™
3 NI 638+ 1% 19.6+0.1%¢ 47048 52404 112+16™  3.1+02%
I 562+08 13.0+04%™ 34+£03™  37+£05% 51£16 28+01¢
6 NI 60912 197+£03"¢ 54+02%  55+08% 95+09"  24+03%
I 548+09% 9.7+0.6™ 2362028 34+07% 74£13  26+02%
1 0 NI 632+08"8  173+04% 48+02""  46+06™ 13.6+2.1% 51+0.1°
I 65319 157+04°" 3.1+£02"  51+£07* 72419 26+01%
1 NI 62113 241+02" 49+03"  49+08" 79+£16  32+01™
I 599+15"  135+0.18" 3.1+£02"  47+05% 50+12% 1.6+02'
3 NI 68816  255+06° 5+£03"  58+04" 128+15™  45+02®
I 705+1.1% 258+ 1° 49+02" 6904 122+16™  35+01°
6 NI 665+ 1% 248+03% 48+03"  53+06" 82415  35+03°
I 67314 170+£07* 43+03™  57+08™ 5.8+1% 1.9+0.28
3 0 NI 69.6+13™  215+04" 50+£02%  46+08* 126+11%  35+02
I 61015  140+05™ 34+04™  72+03° 114£11%™  34+01°
1 NI 729+19° 204 +05* 43+03""  39+07% 122+08™  38+01
I 66.5+2% 18.6+ 04" 35+£02"" 6504 10609  38+02*
3 NI 687+21"  231+02% 52+05%  33+04° 164+16 3.5+02%
I 588 +2.6% 120403 24+03%  65+06™ 7513 27+01¢
6 NI 65507 204+06" 43+03"  42+04" 87+13*  28+02%
I 553+2.18 13.0+0.65™ 3.8+02*"  56+05% 75+1% 23+0.1%
6 0 NI 638+1.1"¢  150+05™ 3£02% 4303 63+1% 22+0.1¢
I 481+18 109 +0.84™ 23+£02" 38+03% 49+12% 2.1+0.1%
1 NI 66.1+£12"  202+01*" 56+05  6.1+07* 108+15%™  42+04™
I 60.5+2% 16.6+02% 37404 6.1+03* 58+16™  26+01%
3 NI 663+06™  18.0+02 39+03"  46+08* 97+08™  32+02°"
I 670+£26™  179+06 46+05™"  55+09™ 8.5+1% 29+0.1%
6 NI 59.1+16% 127 +04M 27+£01%  44+03* 82+1.1%  30+02
I 5544274 113+05™ 28+02"  39+04% 7816  27+01%

NI: Non-inoculated, I; Inoculated.

Values are mean + standard error of the mean with five replicates. Values in each column followed by different letters are significantly
different according to the least significant difference (LSD) test at P < 0.05.

Impact of nano chelated fertilizers on
nematode indices

The reproduction factor of nematode and
numbers of eggs per root system in treated
plants with zinc at the rate of 1 mgkg' soil
(NCZnl) and 6 mgkg" soil (NCZn3) as well as
treated plants with iron at the rate of 6 mg-kg"
soil + zinc at the rate of 6 mg-kg” soil (NCFe3
+ NCZn3), significantly decreased compared
with control (NCFe0 + NCZn0). The nematode
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reproduction factor on the treated okra plants
with iron at the rate of 3 mg-kg™ soil + zinc at 3
mg-kg' soil (NCFe3 + NCZn3) decreased by
231% control plants.

Some treatments significantly decreased the
number of galls and egg masses per root system
compared with control. The highest numbers of
J2s in soil were observed in the treated plants
with iron at the rate of 3 mg-kg" soil (NCFe2)
(Table 2).
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Table 2 Mean nematode population indices on okra plants inoculated with Meloidogyne javanica and treated with
0, 1, 3, and 6 mg-kg™" soil of zinc and iron from nano chelated iron (NcFe) and zinc (NcZn) fertilizer sources 60

days after nematode inoculation.

Fe Zn No. eggs No. galls No. egg masses  No. J2s Reproduction

(mg'kg! soil) (mgkg” soil) (root system)™ (root system)”  (root system)™ (2000 cm®)”! factor

0 0 29818 +3560%" 392 + 25" 367 + 42 995 + 165% 5.2+ 0.6%
1 11681 +2140%" 129 + 248 92 4 348 885 + 190% 2.1+0.5%
3 19019 +2500%" 281 + 46%f 262 + 42 1678 + 241°%¢ 3.6+ 0.6°®
6 8796 + 26402 103 + 36N 85 + 462 1185 +203% 1.6 +0.38

1 0 28700 + 4800%" 112 + 30#h 82 + 41 625 + 165% 5.2+0.8%
1 40263 + 6900°% 186 + 38" 145 £ 29 171 + 62° 6.8+ 1
3 69730 + 6480 213 +42° 174 +30° 3715 + 456° 12.3+1.1°
6 57919 + 5880 517 + 56 462 +43° 750 + 150% 9.8+ 1.3%

3 0 48569 + 4210 383 + 41 315 + 44b 8615 + 660° 10.6 + 1.2%
1 28837 +3900%" 277 + 399%f 229 + 4% 450 + 160% 4.9+ 1%
3 37605 + 4500 149 + 20 166 + 38°" 440 + 188% 6.4 +0.9%
6 41160 + 4440% 441 + 40% 363 +35% 650 + 220% 8.4+ 1%

6 0 23364 + 5200 348 + 48> 280 + 36 1495 + 350°¢ 4.2+ 1.1%
1 17661 + 5010%" 302 + 51°% 262 +30% 3320 + 650" 3.7+ 0.9
3 24000 + 4800°% 498 + 34? 412 + 41™ 2425 + 6207 4.3+ 0.8%F
6 9203 + 3650¢ 76 + 26 66 + 16" 150 + 50° 1.6 +0.6%

Values are mean + standard error of the mean with five replicates. Values in each column followed by different letters are significantly
different according to the least significant difference (LSD) test at P < 0.05. J2s = second-stage juveniles.

Discussion

It is known that micronutrients are fundamental
in plant metabolism, acting on the phenol and
lignin content and membrane stability
(Marschner, 2012). Previous studies showed
that iron is essential for many physiological and
biochemical processes, including the production
of chlorophyll, oxidation-reduction reactions,
photosynthesis, respiration, and enzymatic
systems. Although the total amount of this
element is high in the soil, some of the chemical
and physical properties of soils, such as alkaline
pH, organic matter shortage, excessive use of
phosphorus fertilizers, and iron nutrition by
plants, reduce iron availability to plants (Abd
El-Wahab, 2008; Marschner, 2012). Various
kinds of iron compounds are used worldwide.
Iron chelates have shown a higher absorption
rate compared to other iron fertilizers
(Tyksinski, 2008). However, iron chelates have
some limitations in application and absorption
rate (Karagiannidis et al., 2008).

In the present study, the effect of zinc and iron
as nano chelated fertilizers was investigated on

the vegetative parameters of okra and population
indices of M. javanica. We showed that the
combined application of iron and zinc at the rate
of 6 mgkg' soil from nano chelated fertilizer
sources reduced the number of eggs, galls, and
egg masses per root system and the reproductive
factor of M. javanica on okra plants, compared to
non-treated plants. The efficiency of nano
chelated fertilizers that were synthesized based on
nano chelating technology was  proved.
Zareabyaneh and Bayatvarkeshi indicated that
nano-nitrogen chelate and sulfur-coated nano-
nitrogen chelate significantly affected potato
yield, leaching, and soil nitrate (Zareabyaneh and
Bayatvarkeshi, 2015). It was revealed that
sprayings on apple trees with nano calcium
fertilizer increased firmness, titrable acidity, total
phenolic content, browning, total antioxidant
activity, and fiber content in apple fruit, compared
to control fruit (Ranjbar et al., 2018).

Applying nano chelated fertilizers improved
all vegetative parameters of plants in the current
study. Other researches with nano chelated
fertilizers have demonstrated similar results.
Ghasemi Lemraski et al. (2017) showed that
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rice tiller number, panicle length, paddy yield,
and plant height were positively affected by
nano chelated iron fertilizer application.
Fakharzadeh et al. (2020) revealed that the
application of nano chelated iron fertilizer
enhanced protein concentration and nitrogen,
phosphorus, and potassium content of rice. It
shows that applying nano chelated iron fertilizer
increases the uptake of macronutrients and
decreases the need for chemical fertilizers.

In the present study, nematode inoculated
plants non-treated with fertilizers (inoculated
control) had the lowest fruit fresh weight and
shoot length than the other treated plants. It
revealed that M. javanica harmed okra plants, but
the single and combined application of iron and
zinc from nano chelated fertilizer sources reduced
these adverse effects. It is further proved that root-
knot nematodes decrease stomatal conductivity,
transpiration, and photosynthesis (Strajnar et al.,
2012) and suppress water flow through intact
roots, leading to severe drought stress in plants
(Alzarqaa et al., 2014). Previous studies have
shown that the application of nano chelated iron
fertilizer positively affects growth indices of
Calendula  officinalis under water  stress
conditions (Pirzad and Shokrani, 2012).
Therefore, this fertilizer can reduce the effect of
drought stress caused by nematodes.

Li ef al. (2006) stated that zinc is considered a
vital compound in enzymes, including glutamate
dehydrogenase,  catalase, and  superoxide
dismutase, and plays a role in the synthesis of
chlorophyll, indole 3-acetic acid, and proteins.
The plants with zinc deficiency contain low levels
of superoxide dismutase, resulting in high levels
of superoxide radicals, increased peroxidation of
membrane lipid, and membrane destruction,
which increases the permeability of the membrane
(Cakmak and Marschner, 1988). Root exudates
attract nematodes to the roots. Root oxidation is
higher in plants with a shortage of zinc and causes
the attraction of these parasites, and thus the rate
of disease and infection increases (Streeter et al.,
2001). Zinc is one of the necessary micro-
nutrients that act as a critical ingredient in the
structure of many enzymes. Zinc is considered an
essential element in dehydrogenase, proteinase,
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RNA, and growth regulators. Zinc is adequate on
many critical biochemical pathways associated
with  carbohydrate = metabolism  (including
photosynthesis and conversion of sugars to
starch), protein metabolism, auxin metabolism,
cell membrane integrity, and resistance to
pathogens (Alloway, 2008). Generally, zinc is a
critical element in the metabolism of proteins and
enzymes and photosynthetic pigments that can
increase the photosynthetic potential and crop
yield. However, excess of this element can reduce
root and shoot growth, absorb other nutrients,
especially phosphorus, and increase excessive
iron absorption (Rosen et al., 1977).

The present study revealed that zinc
fertilizers are  effective on  vegetative
parameters of okra plants, which agrees with
previous studies. Rezaei and Abbasi (2014)
reported that the application of chelated and
nano chelated zinc fertilizers on cotton plants
improved chlorophyll, increased the height and
fresh and dry weight of plants, and increased
antioxidant activity peroxidase, catalase, and
polyphenol oxidase. As previously reported,
peroxidase and polyphenol oxidase catalyzes
the last step in lignin biosynthesis and other
oxidative phenols. Enhanced activity of this
antioxidant is inversely related to the
reproduction rate of the root-knot nematodes
(Sahebani et al., 2011).

In the current study, combined application
of iron at the rate of 6 mg-kg" soil + zinc at
the rate of 6 mgkg' soil decreased the
reproduction of M. javanica compared to non-
treated plants. This result agrees with
previous reports that showed the positive
effect of fertilizers against the root-knot
nematodes. Oka and Pivonia (2002) showed
that the wuse of organic and chemical
fertilizers has an inhibiting effect on root-
knot nematode and other plant-parasitic
nematodes. The reproduction factor of M.
javanica on treated eggplants with nitrogen at
the rate of 100 mg-kg" soil + phosphorus at
the rate of 100 mgkg' soil from nano
chelated nitrogen fertilizer, and nano chelated
phosphorus fertilizer decreased by 55%,
compared to control plants (Mozaffarian et
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al., 2019). Reduction of M. incognita
population and improvement of cucumber
growth indices were proved by the
application of sodium silicate (Na203Si)
alone and in combination with
ethylenediamine di-2-hydroxyphenyl acetate
ferric (Fe-EDDHA) and zinc sulfate (ZnS0O4)
(Ahmadi Mansourabad et al., 2016). In a
study, it was found that the combination of
nitrogen, phosphorus, potassium, and zinc
reduced the damage of M. incognita in okra
and also improved plant growth indices
compared to the control plants (Bamel ef al.,
2003). Fertilizing okra plants with nitrogen
and phosphorus (100 and 25 mg/10,000 m’
soil, respectively) reduced the number of eggs
of M. javanica (Verma and Gupta, 1987).
Infected okra by M. javanica treated with two
widely used fertilizers (urea and NPK at the
rate of 0.1%) showed a significant increase of
plant growth indices and reduced the number
of galls compared to control (Irshad et al.,
2006). In a study by Gkanatsiou et al. (2019),
it was demonstrated that using copper/iron
nanoparticles  significantly reduced the
number of galls and females of root-knot
nematodes in tomato roots.

Using nano chelated fertilizers to increase
crop yield and other disease control methods
instead of using pesticides can be economical.
Chemical pesticides have severe effects on soil
ecology that may lead to alterations or the
erosion of beneficial or plant probiotic soil
microflora. In conclusion, owing to minimal
quantities of nano chelated fertilizers and the
positive effect of iron and zinc on the plant’s
vegetative growth and their inhibitory effects on
M. javanica, they can be used as an alternative
to commercial nematicides for the management
of plant-parasitic nematodes.
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