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phytochemicals, and root-knot nematode
resistance
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Abstract

Background Green nanoparticles are considered to be an effective strategy for improving phytochemicals and
raising productivity in soil infected by root-knot nematodes. This work aims to understand the characteristics of
certain nanomaterials, including non-iron (nFe), green non-iron (GnFe), and green magnetic nanobiochar (GMnB), and
the effect of adding them at 3 and 6 mg kg™ on phytochemicals and tomato (Solanum lycopersicum) plant growth in
soils infected by root-knot nematodes.

Results Spectroscopic characterization of nanomaterials showed that nFe, GnFe, and GMnB contained functional
groups (e.g., Fe-O, S-H, C-H, OH, and C=C) and possessed a large surface area. Application of GMB at 6 mg kg*1 was
the most efficient treatment for increasing the phytochemicals of the tomato plant, with a rise of 123.2% in total
phenolic, 194.7% in total flavonoids, 89.7% in total carbohydrate, 185.2% in total free amino acids, and 165.1% in total
tannin compared to the untreated soil. Tomato plant growth and attributes increased with increasing levels of soil
nano-amendment in this investigation. The addition of GnFe; and GnFe, increased the reduction of root galls of root-
knot nematodes by 22.44% and 17.76% compared with nFe; and nFeg, respectively. The inclusion of the examined
soil nano-amendments increased phytochemicals and reduced the total number of root-knot nematodes on tomato
plants at varying rates, which played a significant role in enhancing tomato growth.

Conclusions In conclusion, treating tomato plants with GnFe or GMnB can be used as a promising green
nanomaterial to eliminate root-knot nematodes and increase tomato yield in sandy clay loam soil.
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Background

Egypt ranks fifth in the production of tomatoes, sched-
uled to come in first behind China, India, Turkey, and
the United States of America, with a cultivable area of
170,862 ha and an output of 6,731,220 tons in 2020 [1].
Commonly known as the edible berry, the tomato (Sola-
num lycopersicum) belongs to the Solanaceae family. It is
considered one of the most important vegetable plants
in the world, and it originated in western South America
and Central America [2]. Tomatoes are high in nutrients
and bioactive components such as carotenoids, ascorbic
acid, vitamin E, and phenolic compounds, which provide
antioxidant activity by neutralizing reactive oxygen spe-
cies (ROS) and protecting the cell membrane from lipid
peroxidation. It can aid in the treatment of various dis-
orders, particularly chronic conditions [3]. Tomatoes are
recognized for having a variety of flavonoids along with
phenolics that can aid in the prevention and treatment
of inflammation, coronary artery disease, and cancer, as
well as a balanced diet [3, 4].

Tomato plants are infected with the root-knot nema-
tode Meloidogyne incognita, causing significant losses in
yield and nutritional value in both greenhouses and field
studies [5]. Root-knot nematode species, M. incognita
and M. javanica, are major species distributed worldwide
and parasitize a wide range of economic crops. Jones
et al. [6] showed that root-knot nematodes rank first
among the 10 most dangerous plant pathogens, caus-
ing economic losses estimated at $77-80 billion annu-
ally globally [7]. Most tomato plant losses are caused by
plant parasitic nematodes (PPN) genera, those that feed
on roots and aerial parts, such as root-knot nematodes
(Meloidogyne spp.) and cyst nematodes. In response to
pathogenic infections, tomato plants showcase a spec-
trum of reactions, from acoustic cues to physiological
shifts and phytochemical adaptations [8]. Plant-parasitic
nematode control is primarily based on synthetic organic
chemical nematicides [9]. Because of the expensive
expense of these compounds and their environmental
impact, scientists have turned to other methods of com-
bating nematodes and green nematicidal products that
are less harmful and environmentally benign while also
working to boost yields [10]. So, the green synthesis of
nanoparticles is the preferred technique for treating plant
diseases because of its low levels of toxicity, low produc-
tion cost, and ability to improve plant growth [11-14].
Green hematite nanoparticles improved the uptake
of nutrients, sorghum growth, and osmoregulation in
drought-stressed plants by reducing oxidative damage to
biomolecules [15]. Iron is a critical component of cellu-
lar redox processes, acting as a precursor for anti-oxida-
tive enzymes like catalase (CAT), superoxide dismutase
(SOD), and peroxidase (POD), as well as a scavenger of
ROS [16]. An excessive amount of ROS is produced by
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plants when they are exposed to abiotic stress, either
alone or together, resulting in oxidative stress and dis-
turbed redox balance [17, 18]. Aside from their adverse
effects, ROS play an important role as secondary mes-
sengers or signaling molecules in a variety of cellu-
lar mechanisms that boost tolerance to various abiotic
stresses [19], particularly during adaptation processes.
The harmony between ROS production and antioxidant
resistance keeps plants against the effects of stress [18,
20]. And also, as a result, by producing secondary metab-
olites, these substances create the perfect environment
for plant improvement and stress resistance [21]. There
have been no studies on the use of green nanomaterials
in eliminating root-knot nematodes and producing sec-
ondary metabolites so far. Therefore, the novelty of this
research is the use of green iron oxide nanoparticles and
magnetic nanobiochar in agriculture to reduce root-knot
nematode disease and increase tomato productivity.

It is hypothesized in the present study that the addition
of nFe alone will not be able to completely reduce root-
knot nematode disease in infected tomato plants and
the production of phytochemicals. Therefore, the study’s
goal was to investigate the effects of GnFe or GMnB
application at various rates on phytochemicals and root-
knot nematodes of tomato plants, as well as tomato
performance.

Materials and methods

Studied area

The soil tests were gathered in the vicinity of El Nubaria
City in Egypt’s Beheira Governorate. The area is located
at 30° 9’ 11.52” N and 30° 40’ 59.88” E. According to Abu
El Enain et al. [22], the soil is classified as Haplocalcid
(Aridisols order). To create the composite sample used
in the experiment, disturbed samples (about 10 samples
from different farms in the same area) are collected at a
depth of 0—-20 cm and mixed together properly to obtain
a homogeneous mixture. The characteristics of the exam-
ined soil are presented in Table 1.

Synthesis iron nanoparticles (nFe)

2.5 M NaOH solution was added dropwise to 200 ml of
0.0651 M iron metal salt (FeSO,.7H,0) solution up to
pH 11. The mixture is then heated at 170 °C for 75 min
to precipitate the magnetic (black) iron oxide. The solid
nanoparticles (black precipitate) were then obtained by
vacuum filtering the mixture. Finally, the solid nanopar-
ticles were washed three times with distilled water and
ethanol to remove the remaining salt solution from the
sample’s surface. The magnetite obtained is dried over-
night in a fume hood, stored in a desiccator, and crushed
using a mortal pestle [23].
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Table 1 Properties of soil and nano-amendments used in this study

Properties units Soil cT nFe GnFe GMnB
pH 7.79 801 4.2 6.1 7.03
EC dSm™ 1.85 4.08 0.01 0.92 244
oC % 0.62 24.6 - - 48.03
CEC cmol kg™ 29.03 - - 357
Total Al % - 0.25 - -
Available P mg kg 16.02 - - - -
Available K 230 - -
Available N 21 5600 - - -

Total N % - 042 - - 4.07
Total P - 0.36 - - 4.54
Total K - 0.49 - - 5.93
Texture Sandy clay loam - - -

Where, CT: Compost tea; nFe: Nano iron oxide; GnFe; Green nano iron oxide; GMnB: Green magnetic nanobiochar; CEC: Cation exchange capacity; EC: Electrical

conductivity; OC: Organic carbon

Synthesis of green iron nanoparticles (GnFe)

Compost tea (rice straw as raw material and use of
ground fertilizer) is rich in secondary metabolites that
act as capping and reducing agents, which were taken
from the Microbiology Unit, Microbiology Department,
Agricultural Research Center, Egypt, and used in the pro-
duction of green iron. Nanoparticles (GnFe).

Compost tea (using rice straw as feedstock and turned
windrow composting) is rich in secondary metabolites
that act as capping and reducing agents. This was taken
from the Microbiology Unit, Department of Microbiol-
ogy, Agricultural Research Center, Egypt, and used to
create green iron nanoparticles (GnFe). In a 500-ml bea-
ker, combine 7.0 ml of a 2 mM FeSO,.7H,0 solution plus
10 ml of compost tea, stir for 5 min at 25°C, and set the
pH to more than 8. Within 5 min, the color of the mix-
ture altered from translucent yellow to black, suggesting
nFe synthesis. The mixture was subsequently separated
by a vacuum filter to yield solid nanoparticles that were
washed three times using ethanol and distilled water,
respectively, and then centrifuged at 1000 rpm for 3 min
and dried at 35 °C for 24 h.

Synthesis of green magnetic nanobiochar (GMnB)

1.2 g of magnetic nanobiochar MnB (magnetic nano-
biochar has been previously synthesized by Khader et
al. [24]) was combined with 200 mL of compost tea for
0.5 h at 25 °C. The resulting mixture was subsequently
vacuum-filtered to isolate the solid nanoparticles, which
were then washed three times using ethanol and distilled
water, respectively, and then centrifuged at 1000 rpm for
a total of three minutes before being air-dried at 35 °C for
24 h.

Extraction of nematode eggs

RKN inoculum was extracted for the investigations by
harvesting infected tomato plants. The galled roots were
carried to the lab and cleaned with water to eliminate

any dust that had accumulated. The roots were cut into
0.5-3 cm pieces with sterile scissors and agitated for
2-3 min in a 1% sodium hypochlorite solution before
being passed through a succession of sieves of varying
sizes (150, 250, and 350 mm). They were subsequently
added to a 100-mL beaker containing 50 mL of sterile
distilled water until use [25]. Peters’ chamber determined
the quantity of eggs and modified it to 100 eggs per mL.

Pot experiment

Between July 1st and September 5th, an open-air pot trial
was carried out in Basuon village (30° 57" N, 30° 49" E) in
Gharbia Governorate, Egypt. Seven treatments were con-
ducted in a randomized complete trial design with five
replications, as follows: C: control (NPK recommended
doses); nFe,: nano iron oxide at 3 mg kg™!; nFey: nano
iron oxide at 6 mg kg™; GnFes: green nano iron oxide at
3 mg kg~!; GnFe,: green nano iron oxide at 6 mg kg™ ;
GMnB,: green magnetic nanobiochar at 3 mg kg™!, and
GMnBy;: green magnetic nanobiochar at 6 mg kg™'. In
this study, the rates were based on a pervious study by
Zhou et al. [26]. After 40 days, tomato (Solanum lycoper-
sicum) seedlings of variety 186 were transferred to plastic
pots (30 cm in diameter and 25 cm in height) contain-
ing 10 kg of composite soil and irrigated based on water
requirements (based on 75% of the field capacity). A sus-
pension of nanomaterials (nFe, GnFe, and GMnB) was
made in 250 mL of water, dipped tomato seedlings in it,
then planted in the soil and added the rest of the suspen-
sion next to the root area. Three weeks after planting the
seedlings, the tomato seedlings were infected with root-
knot nematodes by inserting about 5,000 eggs by making
six holes in the ground near the root area using a glass
rod to avoid infecting the roots of the tomato seedlings
[18]. NPK fertilization rates for tomatoes are advised by
the Egyptian Ministry of Agriculture. Before cultivation,
phosphorus was given at a rate of 142 kg ha™! as super-
phosphate (15.5% P,O;). Three times as much nitrogen
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was given in equal doses at a rate of 285 kg ha™! as urea
(46%). At a rate of 220 kg ha™?!, potassium was added as
potassium sulfate (48% K,O). All other agricultural prac-
tices in the experiment were done as recommended in
the study area. During the experiment periods, the tem-
perature ranged from 16 °C to 29 °C, the relative humid-
ity ranged from 45 to 60%, and there was no rainfall.
Plants were collected 70 days after seedling emergence
(Fig. 1), and nematode parameters, phytochemical analy-
sis, and plant growth characteristics were assessed.

Plant growth characteristics

Following nine weeks of sowing, measurements of dif-
ferent plant growth characteristics, such as root length,
shoot length, fresh weight, and dry weight, were made.
From the initial flower’s appearance to the sixth week, the
total number of flowers was counted [27].

Total flavonoid concentrations

According to Zhishen et al. [28], the total flavonoid con-
centrations were determined using an aluminum chlo-
ride (AICl;) colorimetric technique. 1 mL of fresh plant
extract was combined with 0.3 mL of 5% NaNO,. After a
period of minutes, a total of 2 mL of 1 M NaOH and 0.3
mLof AICI; were introduced. After allowing the chemi-
cal reaction combination to stand for several minutes, the
wavelength of absorption at 510 nm was evaluated versus
a blank solution of the reaction. The flavonoid concen-
trations in these extracts were calculated as mg querce-
tin equivalents per fresh weight, employing a quercetin
curve as a standard.

Fig. 1 Experiment pots of tomato plants after 70 days of seedling. Where
C: Control; nFe : Iron nanoparticles; GnFe : Green iron nanoparticles; and
GMnB: Green magnetic nanobiochar at a rate of 3 and 6 g kg™
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Total phenol content

Plant extract (1 mL) was combined with Folin-Ciocalteu’s
phenol solution (1 ml mixed 1:10 with distilled water),
and then 2 ml of Na, CO; (7.5% w/v) was added. Follow-
ing that, the test tubes were wrapped in aluminum foil,
shaken, and incubated for two hours. The absorbance at
the wavelength of 765 nm was measured as a blue color,
as indicated for phenolic substances. The total phenol
content was reported in mg gallic acid equivalents per g
of extract [29].

Total amino acids and tannins content of tomato plants
The total free amino acid concentration has been deter-
mined using the Hamilton et al. [30] method. 1 mL of
plant extract was combined with 1 mL of pyridine solu-
tion (10%) and 1 ml of ninhydrin solution (2%), and the
mixture was left at ambient temperature for 30 min. At
570 nm, the absorbance of the resulting solution was
measured.

The tannin content of tomato plants was measured
according to the Folin-Denis method [31]. Saponin con-
tent was determined according to Okwu and Ukanwa
[32].

Analysis of plant and soil samples
The dry weight of the plant samples was weighed after
drying them in the oven for forty-eight hours at 70 °C.
Soil physicochemical properties were determined using
the procedures described by Cottenie et al. [33] and Page
etal. [34].

Specific surface area (SSA) was calculated by the Sauter
formula: S=6000/pxD.

Where S is the specific surface area, p is the density of
the synthesized material, and D is the size of the particles
[35].

Spectroscopic analysis

TEM nanoparticle analysis

Transmission electron microscopy (TEM) was used to
measure the particle size of different types of iron oxide
nanoparticles and their morphology, which was per-
formed using a microscope type FEI TECNAI G20 (200
KV-LaB6 emitter). Fourier transform infrared spectros-
copy (FTIR) was used to determine the functional groups
on the nano-amendments. FTIR was used with TENSOR
27 by Bruker, which was prepared using KBr as a sample
medium, to confirm the results with an analysis in the
range 400-4000 cm™ ', X-ray diffraction (XRD) was used
to determine the crystallographic structure of the studied
nanomaterials. The samples were recorded from 15° to
75° and tested using a GNR X-ray Diffractometer (Model:
APD 2000 PRO).



Mahmoud et al. BMC Plant Biology (2024) 24:469

Nematode parameters

Using the Bridge and Page grading scale, the quantity of
galls on the roots of each treatment was assigned a rating
[36]. The amount of egg mass generated from root sys-
tems was also evaluated [37]. Each pot’s 250 cm? of soil
was subjected to a 48-hour separating time and sifting
(250, 350 m) in order to extract the nematodes [38]. After
releasing the eggs from each root system with 1% sodium
hypochlorite, the total number of eggs was counted. The
number of eggs suspended in water was then counted
using a stereoscopic microscope.

Statistical analysis

All obtained data were analyzed statistically using DSAA-
STAT version 1.101 software; five replicas were utilized
for the statistical evaluation of variance (ANOVA). The
Duncan’s Multiple Range Test (DMRT) was used to com-
pare treatments with a statistical significance level of
P<0.05. The relationship between quantitative statistical
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Fig. 2 Transmission electron microscopy (TEM) images of particle size
measurements of iron nanoparticles (nFe), green iron nanoparticles
(GnFe), and green magnetic nanobiochar (GMnB)
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data was represented by the correlation, which was com-
puted using Microsoft Office 365.

Results

Spectroscopic analyses of the studied nanomaterials

TEM images of the synthesized morphologies of nFe,
GnFe, and GMnB are presented in Fig. 2. It is noted that
the surfaces of nFe are spherical with a moderate differ-
ence in size. The particles agglomerate with each other in
a size range of 36 to 55 nm. While GMnB was charac-
terized by a cover on the surface particles, the presence
of some pores, and irregular shapes of different sizes, the
particles agglomerated with each other with a size range
of 48 to 80 nm. TEM analysis of GnFe showed that the
shape of the nanoparticles is rod, rhomboid, and other
irregular shapes, and they agglomerate with each other
in the form of flower clusters with a size range of 33 to
64 nm. The surface area of GMnB was 304.38 m? g™/,
which is larger than that of nFe (92.10 m? g~!) and GnFe
(190.9 m*g™ ).

Figure 3 shows the FTIR of the studied nano-
materials containing many peaks, such as peaks
at 366539 cm™!, 337050 cm™', 2366.55 cm™’,
1613.37 cm™, 1391.83 cm™ ', 1088.16 cm™ !, 860.33 cm ™},
and 575.38 cm™' in nFe, 345240 cm™, 380221 cm™',
2088.87 cm™!, 1460.82 cm™', 537.67 cm™!, and 503 cm ™!
in GnFe, and 3429.85 cm™", 3429.85 cm™*, 1639.13 cm ™,
1104 cm™!, 602 cm™?, and 575.28 cm™ " in GMnB.

The X-ray diffraction (XRD) patterns of the three
amendments (nFe, GnFe, and GMnB) are shown in Fig. 4.
The results show the spinel phase structure of magnetite
(Fe;O,), Fe;O,TiO, and ferrous sulfate monohydrate in
the nFe. The peaks at 20 = 24.2°, 25.0°, 27.4°, 35.0°, 45.0°,
and 46.8° were identified for GnFe and GMnB. GnFe also
contains many minerals, such as elbaite, pyrope CajAl,
(SiO,4), and johannesita. While the peaks at 20 = 29.5°,
40.0°, 47.8°, 51.0°, and 62.5° in GMnB were identified as
anapait (CayFe’*(POy)y4 H,0.), iron oxide (Fe,O,),
iron carbide (Fe;C), asimowite (Fe,O,Si), and quartz
(SiO,), respectively.

Effect of nano-amendments on of phytochemicals of
tomato plant

Table 2 showed that non-enzymatic antioxidant com-
pounds such as phenols, flavonoids, free amino acids,
total carbohydrate, and tannins in nematode-infected
tomato plants were significantly affected with the addi-
tion of nFe, GnFe, and GMnB at different concentrations.
Total phenolic content (TPH) in tomato plants varied
from 10.42 mg GA g~! DW in the control to 23.25 mg
GA g~ ! DW in the GMnBy. The TPH contents rose as the
application rates of the assessed nanoparticles increased.
TPH rose by 36.85% and 23.34%, respectively, with
the integration of GnFe; and GnFeg, in contrast to the
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Fig. 3 Fourier transform infrared spectroscopy (FTIR) identifies functional
groups on iron nanoparticles (nFe), green iron nanoparticles (GnFe), and
green magnetic nanobiochar (GMnB)

supplementary addition of nFe; and nFeg, respectively.
The addition of GMnB; and GMnB¢ boosted TPH by 1.61
and 2.23 times, respectively, compared to the untreated
soil. At the same rate, the TPH in the GMnB-treated pots
was greater than in the MnB-treated pots. Total flavo-
noids ranged from 12.93 mg Rutin g~' DW in the con-
trol to 38.1 mg Rutin g~' DW in the GMnBy treatment.
There was a noticeable difference between the various
treatments in the total proteins (TP) of tomato plants,
which ranged from 13.71 g BSA 100 g~' DW in the con-
trol to 26.46 g BSA 100 g~! DW in the GMnBy treatment.
When compared to the addition of nFe; and nFeg, respec-
tively, the addition of GnFe; and GnFe; enhanced TP by
25.15% and 19.49%, respectively. With increasing rates
of soil nano-amendments introduced, tomato plant TP
increased. The total carbohydrate, total free amino acid,
and total tannin contents of tomato plants significantly

Page 6 of 14

increased in the pots treated with the nFe, GnFe, and
GMnB additions. Total carbohydrate content was found
to be higher in the GMnB, treatment (62.04 g glucose
100 g~! DW) and lower in the control (32.71 g glucose
100 g~! DW). Total tannins in tomato plants rose from
6.67 to 11.67 mg TA g~! DW and from 6.67 to 17.68 mg
TA g~! DW in soil treated with GMnB at 3 mg kg™! and
6 mg kg~! addition rates, respectively. In this investiga-
tion, total carbohydrate, total free amino acid, and total
tannin contents increased with increasing levels of soil
nano-amendment. There was no statistically significant
difference in total carbohydrate, total free amino acid, or
total tannin content among the nFe and GnFe treatments
at 3 mg kg™ '. Total tannins in tomato plants rose from
6.67 to 11.67 mg TA g~! DW and from 6.67 to 17.68 mg
TA g~! DW in soil treated with GMnB at 3 mg kg™! and
6 mg kg™ ! addition rates, respectively.

Effect of nano-amendments on tomato plant growth and
attributes

All nano-amendments significantly improved tomato
plant growth and attributes (Table 3). The addition of
nFe; and nFey boosted the dry weight of the plant by 1.51
and 1.72 times, respectively, compared to the untreated
soil. Tomato plant growth and attributes increased with
increasing levels of soil nano-amendment in this investi-
gation. Application of GMnB at 6 mg kg~ ! was the most
efficient treatment for increasing plant fresh weight, with
a rise of 102.6% in dry weight and 40.2% in root length
compared to the untreated soil. There was no statistically
significant difference in root length, number of leaves, or
fresh weight of the tomato plant among the GMB; and
GMBg treatments.

Effect of nanomaterials on tomato plant root-knot
nematode populations

The total number of root-knot nematodes on tomato
plants at varied rates decreased significantly with the
addition of the examined nanomaterials (Table 4; Fig. 5).
Application of GMnB at 6 mg kg™ ! was the most efficient
treatment for decreasing tomato plant root-knot nema-
tode populations, with a rise of 66.9% in the number of
nematodes per 250 cm of soil, 69.23% in the number of
root galls, and 65.18% in the egg masses compared to
the untreated soil. The number of root-knot nematode
populations decreased as the rates of the nanomateri-
als studied increased. The addition of GnFe; and GnFeg
increased the reduction of root galls of root-knot nema-
todes by 22.44% and 17.76% compared with nFe; and
nFe,, respectively. There is no significant difference in the
nematode per 250 cm? of soil, root galls, or egg masses
between the addition of GnFe; and GnFe, treatments.
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Table 2 Effect of the studied nanomaterials on of phytochemicals of tomato plant

Treatments Total carbohydrates, Total proteins, g Total free amino Total flavo- Total phenolic Total

g glucose 100 g”' DW BSA 100 g DW acids, g leucine noids, mg Rutin acids,mgGAg' tannins,
1009 DW g’ DW DW mgTA
g’ DW

C 32.71°¢ 1371°F 4.26°¢ 12.93°¢ 1042 ¢ 6.67 ¢

nFe, 55144 2339¢ 10984 28274 11,754 8244

nFe, 5558 ¢ 23.58¢ 11.05°¢ 311°¢ 16.75° 99¢

GnFe, 55149 2339¢ 10989 28274 16.08 € 8241

GnFeg 55.58°¢ 24.58 ¢ 11.05 ¢ 31.1°¢ 16.75° 99¢

GMnB, 59.04° 25.16° 11.78° 376° 16.75° 1167°

GMnBg 62.04° 26.46° 12.15° 38.1° 23.25° 17.68°

F e *x *x x . ot

LSD g5 175 00175 175 175 175 175

Where: C: control (NPK recommended doses); nFe,: nano iron oxide at 3 mg kg™'; nFe, :nano iron oxide at 6 mg kg; GnFe;; green nano iron oxide at 3 mg kg™'; GnFeg:
green nano iron oxide at 6 mg kg™'; GMnB;: green magnetic nanobiochar at 3 mg kg™, and GMnBg: green magnetic nanobiochar at 6 mg kg'. *Note: values of each
now followed by the same letter indicate no significant differences (p < 0.05) according to Duncan test

Table 3 Effect of iron nanoparticles (nFe), green iron nanoparticles (GnFe), and green magnetic nanobiochar (GMnB) at various rates

on tomato growth

Treatments Root length, Number of Number of Number of Fresh weight of  Dry weight of Plant
cm leaves flowers laterals plant, g plant, height,
g cm
C 20609 15679 1200f 18009 1468f 1240f 1240f
nFe, 2707 f 2000°f 19.00¢ 2800°f 76.76¢ 1871¢ 7567 °¢
nFeg 2767f 23.00¢ 2200°¢ 27.00f 76.37°¢ 21324 80.00¢
GnFe, 2645 ¢ 28,00 b 2262°¢ 3123 8178 2275¢ 83.35¢
GnFeg 2607° 2831%¢ 245" 35.08° 8463 22.12¢ 88.60°
GMnB, 27,662 31.77% 2650 40032 85.192 23.50P 90.30P
GMnBy 288872 32482 27.192 41042 86.042 25122 92632
F,test *% *% *% *% *¥% *% *%
LSD 05 060 061 0.22 133 1.94 0.59 101

Where: C: control (NPK recommended doses); nFe;: nano iron oxide at 3 mg kg™'; nFe, :nano iron oxide at 6 mg kg’; GnFe;; green nano iron oxide at 3 mg kg™; GnFey:
green nano iron oxide at 6 mg kg™; GMnB;: green magnetic nanobiochar at 3 mg kg™, and GMnBg: green magnetic nanobiochar at 6 mg kg™. Similar letters indicate

no significant variations among treatments

Table 4 The effect of the studied nanomaterials on root-knot
nematode populations on the roots of infected tomato plants
and in the soil

Treatments Number of Number of egg Number
root gall mass of In
250/cm®
C 63.08" 5833°¢ 1262¢
nFe, 3217¢ 30.33¢ 643 ¢
nFeg 2882 ¢ 2833° 5769
GnFe, 24.95° 2973b 550.27
GnFeg 23.70° 27.59° 54097 ©
GMnB, 2162° 22592 504.34°
GMnBy 19.54° 2031° 427.84°
Fotest xx . xx
LSD o1 161 233 30.94
LSD o5 224 323 4294

Where: C: control (NPK recommended doses); nFe;: nano iron oxide at 3mgkg™;
nFe, :nano iron oxide at 6 mg kg’; GnFey; green nano iron oxide at 3 mg kg™;
GnFeg: green nano iron oxide at 6 mg kg™'; GMnBj: green magnetic nanobiochar
at 3 mg kg, and GMnBg: green magnetic nanobiochar at 6 mg kg™. Similar
letters indicate no significant variations among treatments

Correlation between egg masses of nematodes or dry
weight of tomato plants and total phenolic acids and total
flavonoids

Figures 6 and 7 demonstrated the presence of statistically
significant correlation coefficients (R?) between the num-
ber of egg masses of nematodes and total phenolic acids
and total flavonoids, which were 0.788 and 0.883, respec-
tively. The correlation coefficients (R?) between the dry
weight of the tomato plant and total phenolic acids and
total flavonoids were 0.7125 and 0.875, respectively.

Discussion

The bands at 3452.40 cm™! in GnFe and 3429.85 cm™!
in GMnB were identified as the O-H stretching, which
refers to the phenolic group present in the compost tea
[39]. In GnFe, the weak band at 3802.21 cm™! can be
attributed to unsaturated nitrogen N-H compounds from
compost tea. On the contrary, a sharp band appeared
at 3429.85 cm™! in the GMnB due to the N-H pres-
ent in the biochar and compost tea together more than
that of compost tea alone. The bands at 2088.87 cm™! in
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Fig. 5 Root gall of nematodes on tomato plant growth during an experiment with iron nanoparticles (nFe), green iron nanoparticles (GnFe), and green

magnetic nanobiochar (GMnB).
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Fig. 6 Correlation between dry weight of plant and total phenolic acids and total flavonoids

GnFe were indicated by the C-H and H-C=0O stretching
vibrations [40]. The peaks at 1460.82 cm™! in GnFe and
1391.85 cm™ ! in nFe were identified as the S-H and S=0O
stretching [41]. This refers to the use of compost tea and
ferrous sulfate during the synthesis of green iron oxide
nanoparticles. The peaks at 1104 cm™! in GMnB repre-
sent the symmetric C-O and C-N stretching. The peaks
at 1639.13 cm™! in GnFe and 1636.95 cm™! in GMnB
were due to H-O-H and C=C stretching, which indicates
phenolic compounds [41]. The Fe-O vibrations spanned
between 503.29 and 860.33 cm™! in all nanomaterials
studied, which are consistent with the values obtained

by Basavaraja et al. [42]. The presence of organic com-
pounds on the surface of nFe influences its FTIR peaks
[43]. The shift in the peaks observed around 537.67 cm™!
in GnFe and 503.29 cm™! in GMnB instead of the peak
of 575.28 cm™! in nFe may be due to organic molecules
from compost tea on the surface of nFe.

The results showed the spinel phase structure of mag-
netite (Fe;O,), Fe;O,TiO, and ferrous sulfate monohy-
drate, which is consistent with the XRD standard for
magnetic iron oxide nanoparticles [24]. Note that the
XRD of GnFe and GMnB in the peaks as organic sub-
stances, Ca, Al, Mn, and PO,; were due to polyphenol
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groups or other biomolecules containing Ca, Al, Mn, and
PO,; present in the compost tea. Compost tea contains
many beneficial microorganisms, nutrients, humic sub-
stances, phytohormones, organic acids, and nutrients
[44]. The nFe surfaces are black in color, and the shape of
the nanoparticles is spherical with a moderate difference
in size. Similar results on TEM analysis of nFe have also
been reported by Lida et al. [45]. In this study, the sur-
face area of MGnB was larger than that of nFe and GnFe
due to the thermal treatment of biochar at more than
450 °C, which enabled many pores to increase its surface
area. Similarly [46], found that the surface area of ball-
milled magnetic nanobiochar derived from wheat straw
increased with increasing temperature. The high surface
area of GMnB and GnFe is important for nutrient uptake
by the root and their transport via vascular systems [47].
A wide class of secondary metabolites known as phe-
nolic substances includes phenols, flavonoids, free amino
acids, tannins, and their derivatives. Phenolic substances
have been identified as antioxidant substances because
they have a free hydroxyl group in their structure, which
has the ability to scavenge free radicals [48, 49]. Another
way to improve tolerance and plant growth in challeng-
ing environments is through the formation of phenolic
substances [50]. Norouzi et al. [51] found that iron oxide
nanoparticles act as abiotic variants in Dracocephalum
kotschyi, increasing the synthesis of phenolic substances.
Following the treatment of iron oxide nanoparticles,
elevated phenolic compounds were additionally identi-
fied in Molvadian balm despite stress from salinity. TPH
had a greater concentration in pots that received GnFe
and GMnB than in pots supplied with nFe at the identi-
cal dose, according to our findings. This occurs because
there are many nutrients, humic compounds, and other
growth-promoting substances in the compost tea (tea
was used for the synthesis). Zhao et al. [52] discovered an
increase in protein concentration in the fruit of cucum-
bers after applying nanoparticles. The increased protein

content might be attributed to the upward regulation of
enzymes associated with N metabolism as well as the
enhanced photosynthetic effectiveness of photosystems I
and II [53]. This was supported by a considerable increase
in nutritional (N, P, and K) contents in the tomato plants.
According to the findings from studies on the effects of
AgNPs on potato [54] and Arabidopsis [55], the results
demonstrated that raising the level of the studied nano-
materials led to a significant increase in the tomato plant
content of total carbohydrate, total free amino acid, fla-
vonoids, and tannins compared to the control treatment.
Ashraf et al. [56] observed an increase in photosynthetic
pigments, phenolic substances, total flavonoids, and lev-
els of protein in tomato plants after treatment with varied
concentrations of nFe. The use of nanoparticles improves
biomass levels and chlorophyll content, as well as pho-
tosynthetic processes, antioxidant mechanisms, osmo-
lyte production, and carbohydrate content in plant cells.
Furthermore, when nanoparticles penetrate plant cells,
they not only increase N, levels and protein content, but
they also control gene expression during both abiotic and
biotic stresses [57, 58]. Application of nano-iron oxide
plays an important role in enhancing plant production,
protecting tomato plants from root-knot nematodes,
and also protecting the host plant from biotic and abiotic
stress [59].

All nano-amendments gave higher tomato plant
growth and attributes compared to the control (NPK)
due to their properties such as high penetration ability,
large size, and surface area [60]. In this investigation, nFe
additions significantly improved tomato plant growth
and attributes. Nanoparticles, according to Govorov and
Carmeli [61], can increase plant growth by enhancing the
efficacy of chemical energy generation in the photosyn-
thesis process. As the results demonstrated, increasing
the amount of pigment produced by sunlight under nFe
treatments can promote plant growth and the generation
of biomass by improving the process of photosynthesis.
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According to Mazaherinia et al. [62], the addition of nF
improved peanut growth through modulating phytohor-
mone levels and the antioxidant activity of enzymes. Feng
et al. [63] concluded that nFe additions to wheat plants
can enhance plant growth by improving photosynthetic
performance and Fe availability, and P. Shankramma et
al. [64] reported that the addition of magnetic nanopar-
ticipants improved tomato plant growth attributes.
This increased effect of magnetic nanoparticles could
be explained by magnetic iron’s role in promoting N, P,
and K uptake, which promotes the growth of plants. By
controlling ion transport, eliminating heavy metals, and
sustaining root cells, amino acid sequences can acceler-
ate the growth of plants and enhance plant recuperation
from stress to their normal biochemistry and osmotic
equilibrium [56, 65]. The findings demonstrated that
increasing the levels of nano-amendments significantly
increased the phenolic substances of the tomato plant
compared to the control treatment. Increasing adaptation
and enhancing plant growth in challenging environmen-
tal conditions can also be accomplished by accumulating
phenolic substances [66]. In this study, the decrease in
the dry weight of the tomato plant was associated with
total phenolic acids (R?=0.7125) and total flavonoids
(R*=0.875) (Fig. 6). A previous study on Fe nanoparticles
by Alam et al. [67] demonstrated that biosynthesized nFe
has antibacterial activity against the tomato wilt patho-
gen Ralstonia solanacearum in vitro and in vivo. This
similar application of zinc oxide nanoparticles has anti-
microbial activity against bacterial wilt and bacterial leaf
spot in tomatoes [68]. Sidorowicz et al. [69] tested Ag
NPs synthesized from secondary metabolites extracted
from marine algae on Pseudomonas aeruginosa, which
showed a strong antibacterial effect due to disruption of
the outer membrane of P. aeruginosa, affecting cell per-
meability with resulting disturbances called “pits” that
lead to cell lysis.

Magnetic iron is distinguished by its strong magnetism
and contact with water, resulting in an electromagnetic
field that allows beneficial plant nutrients to pass through
and eradicate nematodes and bacteria from the rhizo-
sphere of plant roots [70]. Ismail et al. [71] found that the
magnetic iron application reduced root-knot nematode
numbers in the soil and on the roots of two grape variet-
ies. The nematicidal effect of magnetic nanobiochar can
be attributed to its high content of functional groups that
interfere with the enzyme-protein structure of nematode
cells. It also contains some oxygenated compounds that
have lipophilic properties that enable them to dissolve the
cytoplasmic membrane of nematode cells. The magnetic
biochar nanoparticles are characterized by their small
size, high surface area, and magnetic nature, and their
field helps them pass the elements useful to agriculture
and eliminate nematodes on plant roots [72]. Ohri and
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Pan [73] found that phenolic compounds protect plants
by increasing their resistance against nematode attack.
In this work, the decrease in the number of egg masses
of nematodes was associated with total phenolic acids
(R*=0.788) and total flavonoids (R*=0.883) (Fig. 7). Our
results showed that the application of green iron oxide
nanoparticles and magnetic nanobiochar significantly
increased the protein content in tomato plants infected
with root-knot nematodes. One defense mechanism is
the production of metabolites with anti-nematode activ-
ity. Anita et al. [74] found that the accumulation of phe-
nolics and proteins contributed to the control of root
knot nematodes. The mechanism of action of flavonoids
such as glycine I against nematodes has been elucidated,
as they repel ]2 juveniles of M. incognita and inhibit their
respiration. The main mechanism by which green iron
nanoparticles (nFe) inhibit root-knot nematode growth
is primarily through oxidative stress caused by ROS such
as hydrogen peroxide (H,0,), superoxide radicals (O~?),
hydroxyl radicals (-OH), and singlet oxygen (O,), which
cause protein and DNA damage in root-knot nematodes,
ultimately resulting in cell death. And also, induced lipid
peroxidation may be one of the mechanisms leading to
cell death. Additionally, plants’ defense mechanisms ver-
sus nematodes use enzymatic antioxidants [75]. Many
studies in the literature on tomatoes demonstrate how
the root-knot nematode affects antioxidants, lipid peroxi-
dation, root phenol content, and peroxidase activities as
defenses against nematode infection [76, 77].

As a result, treating tomato plants with GnFe or GMnB
reduced plant infection by decreasing the number of
galls, egg mass, and eggs per egg mass of M. incognita
in the roots. These results suggest that Fe in the form of
green nano plays an important role in the development
of plants as a protector against biotic stresses, such as
pathogen infection, through the interaction of plant cells
with proteins and other biomolecules containing active
groups, which enhances the transfer of signals between
the living cells and the modification of receptor proteins,
which improves a number of plant innate mechanisms in
relationship with M. incognita.

Conclusions

The studied nanomaterials were characterized by their
high surface area and contained functional groups (such
as H-C=0, S-H, S=0, H-O-H, C=C, and Fe-O) and
minerals. Its addition improved phenols, flavonoids, free
amino acids, total carbohydrate, and tannins in nema-
tode-infected tomato plants and reduced the total num-
ber of root-knot nematodes on tomato plants, which had
a significant role in promoting tomato growth. GMnB
application at 6 mg kg-1 was the most effective treatment
to reduce the numbers of root galls, egg mass, and nema-
todes per 250 cm? of soil compared to other treatments.
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The decrease in the number of egg masses of nematodes
was associated with total phenolic acids (R>=0.788) and
total flavonoids (R?=0.883). Thus, the results indicate
the need to focus on using GMnB at 6 g kg™ ! as a natural
and environmentally friendly product to reduce nema-
tode numbers, and increase tomato productivity, and
thus contribute to sustainable agricultural practices. As a
result, it is proposed to identify the genes responsible for
reducing the number of nematodes in infected plants as a
result of the addition of green nanomaterials.
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