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Abstract: Root-knot nematodes, Meloidogyne spp. cause 5% of the global
crop losses. Silver nanoparticles (AgNPs) are a potentially effective
nematicide. There are many methods to synthesize metallic nanoparticles,
including using organic compounds, which are clean and environmentally
friendly. In the present studies, the efficacy of as-synthesized AgNPs using
Malva sylvestris extract (Ms-AgNPs) on egg hatching and mortality of the
second-stage juveniles (J2) of M. javanica in vitro, and on the growth
parameters of nematode infected tomato plant under greenhouse conditions
was investigated. The results showed that increasing Ms-AgNPs
concentration decreased the hatching rate and increased the mortality of J2.
Ms-AgNPs at 107, 164 and 250 ppm reduced J2 numbers by 30, 50, and
70%, respectively, and were established as lethal doses for nematode
control. Ms-AgNPs at a dosage of 250 ppm reduced the number of eggs in
the root system and the nematode reproduction factor by 60.4 and 56.3%,
respectively, and increased shoot length and shoot fresh weight by 11.2 and
14%, respectively. Ms-AgNPs at a very low concentration reduced the
population of M. javanica without causing any harmful effects on tomato.
Therefore it can be used in nematode control strategies due to its
environmentally friendly composition.
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Introduction

Root-knot nematodes Meloidogyne spp. damage
tomato crops by up to 50% (Natarajan et al.,
2006). Methods of controlling plant-parasitic
nematodes include agronomic  measures,
cultivation of resistant cultivars, biocontrol, use of
trap plants, intermittent cultivation, sanitation,
sunbathing, and chemical nematicides. Despite
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the variety of nematode control methods, none is
effective for controlling this pathogen due to the
different limitations of each technique mentioned
(Abdellatif et al., 2016; Nassar, 2016). For
example, biocontrol agents have disadvantages
such as the limited range of their effect and the
uncertainty of their application in the field due to
the different environmental conditions (Crow et
al., 2011). Therefore, it is essential to choose
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more effective and environmentally friendly
strategies to control plant parasitic nematodes
(Fernandez et al., 2001). Nanometer-sized
materials are increasingly produced and used
because they have exciting properties
(Rajeshkumar et al., 2013; Sadeghi et al., 2015).
Silver nanoparticles have recently been proposed
to control plant pathogens, including nematodes
(Roh et al., 2009; Lara et al., 2011). Because of
the multitude of antimicrobial mechanisms of
nanoparticles, microorganisms cannot adapt to or
develop resistance to silver (Sadeghi et al., 2014).
Unfortunately, most processes leading to the
production of nanoparticles inevitably involve the
use of hazardous substances and pose severe
threats to the environment (Senapati et al., 2012).
Some nanoparticle manufacturing processes use
toxic solvents that inevitably produce
unnecessary and dangerous substances, often
requiring high energy consumption (Osaka et al.,
2006; Peng et al., 2006). Therefore, researchers
turned to bio-friendly methods or green chemistry
to find a clean, non-toxic, harmless solution
(Khan et al., 2017). There is a long list of
resources used for the bio-production of metallic
nanoparticles, including yeast and plants (Singh et
al., 2015). Green-synthesized silver nanoparticles
(AgNPs) have received much attention due to
their low cost and environmental compatibility
(Mittal et al., 2013).

So far, the biological production of silver
nanoparticles has been carried out using plants
such as Piper longum L. (Jacob et al., 2012),
Achras sapota L. (Thakore et al., 2019), and
many other plants with biocidal properties
(Rajabi et al., 2017; Moradi-Alvand et al.,
2019a, 2019b; Mirsadeghi et al., 2019). The
static and nematicidal properties of the plant
extract due to secondary metabolites have been
demonstrated in many studies (Singh et al.,
2017; Rafiee et al., 2019). Mallow (Malva
sylvestris L.) grows as a common weed in many
places and is cultivated for medicinal purposes
(Lust, 2014). The main components of M.
sylvestris are phenols and flavonoid
compounds, and the presence of malvin,
delphinidin, malvidin, [-carotene, cyanin,
tannin, saponins, alkaloids, mucilage, and

J. Crop Prot.

350

especially antioxidants, which were detected in
vitro (Al-Rubaye et al., 2017; Hasimi et al.,
2017). M. sylvestris showed high mortality rates
for nematode eggs and J2s (Alikarami et al.,
2017).

Due to the environmental hazards of using
chemical pesticides and the tendency to find
suitable substitutes for these compounds, several
studies have been conducted to find compounds
with nematicidal properties, including organic
compounds of plant origin. Considering the
effective role of M. sylvestris extract and silver
nanoparticles  in  controlling  root-knot
nematodes, the environmentally friendly feature
of silver nanoparticles synthesized by the green
method and its stability compared to plant
extract, the objective of the current study was to
determine the efficacy of as-synthesized AgNPs
using M. sylvestris extract (Ms-AgNPs) on egg
hatching and J2 mortality of M. javanica in vitro
and on nematode-infected tomato under
greenhouse conditions.

Materials and Methods

Microwave-assisted extraction (MWAE) of
plant extract

M. sylvestris leaves were collected from
rangelands in Shiraz, Iran, in 2019. The plant
dried at 25 °C in the shade for ten days. Twenty
grams of M. sylvestris leaves were dried, ground
in a mortar, and soaked in 250 ml distilled water
for 10 minutes. Microwave-assisted extraction
(MWAE) was performed to obtain the aqueous
leaf extract of mallow, using a microwave oven
at 90 Watts, 20 min. Finally, the resulting
mixture was filtered and stored at 4 °C (Moradi-
Alvand et al., 2019b).

Synthesis of silver nanoparticles

For the plant-mediated synthesis of AgNPs, 50
ml of 0.05 M silver nitrate solution and 12.5
ml of ammonia solution were added to 50 ml
of the obtained plant extract at 25 °C, with
constant stirring under dark conditions. The
obtained AgNPs were stored in the dark at 4
°C before experimental use (Vilchis-Nestor et
al., 2008).
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Characterization of silver nanoparticles

To confirm the production of silver
nanoparticles, UV-vis spectra of the biosynthesis
of Ms-AgNPs, plant extract, and ammonium
were obtained at a 200-600 nm wavelength. For
the synthesized silver nanoparticles, the peak of
the plasmon surface is observed at 455 nm (Fig.
1a). The infrared bands of Ms-AgNPs were
located at about 1081.44, 1385.37, 1616.77,
2925.73 and 3413.83 cm-1 (Fig. 1b). A TEM
image of the nanoparticles was prepared to
compare the size, morphology, and distribution
of the nanoparticles. Optical properties of the as-
prepared samples were determined using a UV-
Vis absorption spectrophotometer (PerkinElmer,
Inc., Waltham, MA, USA) and a Fourier-
transform infrared (FTIR) spectrophotometer
(PerkinElmer, Inc., Waltham, MA, USA). X-ray
diffraction (XRD) of the samples was recorded
using a Philips X'pert Pro (Philips, Amsterdam,
Netherlands) with advanced diffractometer Cu
Ko radiation of wavelength A = 1.5406A°.
Energy-dispersive X-ray (EDX) equipped with
field emission scanning electron microscopy
(FESEM) (Sigma-Aldrich Corp., St. Louis, MO,
USA) was used to estimate the elemental
composition and the mapping method, as well as
the morphological analysis of the samples. The
analysis of particle size was performed by
transmission electron microscopy (TEM-EM 10
C) operated at 100 kV accelerating voltage
(Zeiss, Oberkochen, Germany).
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Egg hatchability assay

Ms-AgNPs were prepared at 0 (control), 62.5,
125, 250, 500, 1000 and 2000 ppm. Suspensions
of each containing approximately 200 eggs of M.
javanica were added separately to the 96-well
microtiter tissue culture plates with a final
volume of 250 pl of the experimental treatments
and kept at 27 °C under dark conditions. The
number of hatched eggs was counted after 96
hours. Each concentration (treatment) had four
replicates, and the experiment was repeated
twice.

J2s mortality assay

Ms-AgNPs were prepared at 0 (control), 10, 20,
60, 80, 100, 200, 400 and 800 ppm. Suspensions
containing approximately 100 J2s were added to
the 96-well microtiter tissue culture plates with a
final volume of 250 pl of the experimental
treatments and kept at 27 °C under dark
conditions. The contents of each cell were added
separately to sterile Petri dishes after 48 hours
(Dourado et al., 2013), and 10 ml of sterile
distilled water was added to remove Ms-AgNPs.
After 24 hours, the mortality of J2 was assessed
using a stereomicroscope based on their mobility
(Meyer et al., 2006). Each concentration
(treatment) had four replicates, and the
experiment was repeated twice. Abbott’s
formula (1925) was used to determine the
percentage of larval mortality (Equation 1).

% mortality in each treatment — % mortality in control
100 — % mortality in control
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Figure 1 (a) UV-Vis absorption spectra of the plant extract and as-synthesized AgNPs and, (b) Fourier-transform
infrared spectra of silver nanoparticles synthesized using Malva sylvestris.
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Greenhouse experiments

Sandy-loam topsoil was steam-sterilized at
120°C for 150 minutes. Approximately one kg
of soil was poured into plastic pots (10 cm in
diameter). Seeds of tomato Solanum
lycopersicum, cv. Early-Urbana (susceptible
to M. javanica) were planted in plastic pots
and maintained in a greenhouse (27 = 3 °C
temperature, under 16:8 hours (light: dark)
photoperiod). Plants were watered daily; each
received 20 ml 0.3% fertilizer (N-P-K, 20-20-
20). Fertilization was applied eight times
during the experiment. Four-leaf stage
seedlings were separated into two sets; the first
set was inoculated with three eggs/gram of
soil, and the other was not inoculated. After
three days, each set was soil-drenched (= 50 ml
per plant) with 107, 164, and 250 ppm
(equivalent to LCso, LCs, and LCyo) of plant
extract, AgNO3, and Ms-AgNPs. The
experiment was arranged in a completely
randomized design, and each treatment had
five replicates. Experiments were repeated
twice. After eight weeks, plants were
harvested, and their growth indices were
evaluated. Nematode population indices
including the number of eggs in the root
system (Hussey and Barker, 1973), galls and
egg masses in the root system (root was stained
with acid fuchsin) (Karssen, 2002) and the
number of J2s in the soil (Whitehead and
Hemming, 1965) were counted. Finally, the
reproduction factor (RF) was calculated
(Equation 2) (Taylor and Sasser, 1978).
Equation 2.

_ Final population of nematode (the numbers of nematode in soil and root system)

RF Initial population of nematode

Statistical analysis

The data of both experiments were compared
with the Tukey-Kramer HSD test at P <0.05.
The results were similar, and they were
combined before statistical analysis. All data
were subjected to a completely randomized
design and statistically analyzed with SAS
software (SAS Institute, Cary, NC) using the
general linear model (GLM) procedure. The
one-way analysis of variance (ANOVA) (egg
hatching and the mortality tests), whereas the
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two-way ANOVA (the data of nematode
population indices) and the three-way ANOVA
(the data of plant growth indices) and pair-wise
comparisons between treatment means were
conducted using Tukey-Kramer HSD test at P
< 0.05. To normalize the data, the percentages
of egg hatching and the mortality rates were
transformed into arcsin values (ArcSinVX)
before statistical analysis. The relationship
between concentration and percentage of lethal
J2s was modeled by fitting a regression model
(SAS, Proc Reg, Cary, NC).

Results

Characterization of silver nanoparticles

The color changed from light brown to sludge
green within 24 hours after the start of the
experiment, showing the reaction of the plant
extract with silver nitrate (Fig. 2).

t AgNPs
M. Sylvestris

AgNO3

(s

Figure 2 Color change of aqueous extract of Malva
sylvestris after AgNO; addition and green synthesis
of silver nanoparticles (Ms-AgNPs).

The X-ray diffraction spectrum (XRD) shows
silver nanoparticles synthesized with an aqueous
extract of M. sylvestris leaves. As can be seen,
Bragg's reflections with 27.32°, 32.27°, 38.07°
and 46.27° indexed to the peaks of 111, 200, 220,
and 311 in the whole spectrum of 20 values
ranging from 10 to 80 are related to the Face-
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centered cubic (FCC) structure of the silver
nanoparticles (Fig. 3). The nanoparticles are
spherically separated with an average diameter
of 47.5 nm (Fig. 4).

EDX analysis also confirms that the
synthesized silver nanoparticles are uniform in
size and are spherical. The presence of the
silver element in the mapping analysis
demonstrated that the nanoparticles were
synthesized and C, O, K, CI, N, Ca, and Si are
related to plant extract (Fig. 5).

900

Laboratory assay
The results showed that hatching significantly
(P < 0.05) decreased with increasing
concentration of Ms-AgNPs after 96 hours
(Fig. 6). The mortality rate of J2s
significantly (P < 0.05) increased with
increasing concentration of Ms-AgNPs
(Fig. 7).

Probit results of the effect of Ms-AgNPs on
the percentage of J2s mortality were calculated
(Table 1).
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Figure 3 XRD pattern of as-synthesized AgNPs.
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Figure 4 Transmission Electron Microscopy (TEM) images of as-synthesized AgNPs in two views.
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Figure 5 FESEM micrograph of silver nanoparticles synthesized using Malva sylvestris. (a) SEM image of Ms-
AgNPs distribution, (b) the corresponding EDX elemental analysis and (c) Mapping analysis.
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Figure 6 Mean egg hatching of Meloidogyne javanica 96 hours after exposure to different concentrations of
synthesized silver nanoparticles using Malva sylvestris extract (Ms-AgNPs). Means are average of four replicates.
Means with the same letter(s) are not different according to Tukey-Kramer HSD (P < 0.05).
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Figure 7 Corrected mortality rate of Meloidogyne javanica second-stage juveniles (J2) 48 hours after exposure to
different concentrations of synthesized silver nanoparticles using Malva sylvestris extract (Ms-AgNPs) and 24
hours after transferring to distilled water. Means are average of four replicates. Means with the same letter(s) are
not different according to Tukey-Kramer HSD (p < 0.05).

Table 1 Probit results of as-synthesized AgNPs using Malva sylvestris extract (Ms-AgNPs) on second-stage

juveniles mortality of Meloidogyne javanica.

Lethal concentration (ppm)

LC3o LCso LC7o

R? Regression equation Probability

Ms-AgNPs 107 164 250

0.99 Y=20848x - 1.257 0.01

Effect of Ms-AgNPs on infected tomatoes

The results showed that the treated plants with
the highest Ms-AgNPs concentration had the
lowest number of eggs/in the root system (Fig.
8a) and a significant reduction in the nematode
reproduction rate (P < 0.05) (Fig. 8b). There was
no significant difference in the number of
galls/root system in plants treated with Ms-
AgNPs (Fig. 8c). Ms-AgNPs at 250 ppm reduced
the nematode reproduction factor and the
number of eggs/root system by 56.3% and
60.4%, respectively, compared to untreated
inoculated plants. Untreated inoculated plants
showed the lowest number of egg masses/root
systems, with no significant difference
compared to plants treated with the highest
concentration of plant extract, the lowest
concentration of AgNO3, and all concentrations
of Ms-AgNPs (Fig. 8d). There was no significant
difference in the number of J2s in the plants
treated with the M. sylvestris extract, AgNOs and
Ms-AgNPs at all concentrations compared to the
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control plants (Figure 8e). Shoot length (Fig. 9a),
shoot fresh weight (Fig. 9b), and shoot dry
weight (Fig. 9c¢) of the inoculated plants did not
change significantly compared to the non-
inoculated plants in each treatment. Also, the
fresh root weight of inoculated plants did not
change significantly compared to the non-
inoculated plants treated with different
concentrations of Ms-AgNPs (Fig. 9d).

Discussion

The color change of the sample from light brown
(plant extract) to sludge green (Ms-AgNPs)
indicates the formation of silver nanoparticles.
While no color change was observed with
AgNOs. The sludge green indicates the
formation of a colloidal suspension of silver
nanoparticles and a decrease in the ratio of Ag*
to Ag ions. Silver nanoparticles show a sludge
green color in an aqueous solution due to
vibration-induced plasmonic surface oscillation
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(Jain et al., 2009). The inhibitory property of the
plant can be attributed to some secondary
metabolites in the plant extract, such as
flavonoids and phenols (Rajabi et al., 2017).
UV-vis spectrophotometer was used to confirm
the production of silver nanoparticles. This
method can track the production of silver
nanoparticles because of the surface plasmon
resonance of the particles. Surface resonance is
the common oscillation of electrons on the
surface of metal nanostructures created by the
response to an external stimulus such as light or
an electric charge (Rastegarzadeh and Abdali,
2013). The maximum absorption peak in the
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curve obtained from the extract after the
synthesis of silver nanoparticles in 400 to 460
nm indicates the synthesis of silver
nanoparticles. According to previous reports, the
maximum absorption of colloidal silver solution
at wavelengths between 410 and 460nm was
observed, which is attributed to the surface
plasmon of different metal nanoparticles and the
formation of quasi-linear nanoparticle structures
(Mukherjee et al., 2001; Sharma et al., 2009).
The plasmon resonance level of silver
nanoparticles at 410-460 nm wavelength may be
consistent with spherical nanoparticles (Rivallan
et al., 2010).

Reproduction factor
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600 (d)

Number of egg masses/root system

Control| LC30 LC50 LC70 | LC30 LCS0 LC70 | LC30 LC50 LC70
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Figure 8 Effect of different concentrations of AgNOs3,
synthesized silver nanoparticles using Malva
sylvestris extract (Ms-AgNPs) and aqueous extract of
Malva sylvestris on population indices of Meloidogyne
javanica infecting tomato plants. Each treatment had
10 replicates (Five replicates in two successive
experiments). Data are presented as the mean +
standard deviation.
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Figure 9 Effect of different concentrations of AgNOs, Ms-AgNPs and aqueous extract of Malva sylvestris on
growth of non-inoculated and inoculated tomato plants with Meloidogyne javanica. Each treatment had 10
replicates (Five replicates in two successive experiments). Data are presented as the mean + standard deviation.

XRD shows the crystalline composition and
organization of the synthesized nanoparticles by
considering the size of the crystals in the sample
(Ashour et al., 2018; Maksoud et al., 2019). X-
ray diffraction spectra indicated that the AgNPs
formed in this compound are crystalline. Our
results are consistent with other reports that
conform to the standard silver X-ray diffraction
pattern (Baraka et al., 2017; El-Batal et al.,
2018). The size difference between the formed
silver nanoparticles is normal. Dwivedi et al.
(2014) reported that physical and chemical
properties, the shape, size, and size distribution
of the nanoparticles depend on the quantity and
quality of the plant material and the laboratory
conditions. The presence of spherical,
integrated, and small particles in the TEM image
appears consistent with the UV-vis spectral
study (Ahmad et al., 2003).

To find out the interaction between AgNPs
and plant extract, FTIR measurements were
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calculated for the Ms-AgNPs (Niska et al.,
2016). Results showed absorption peaks at about
1081.44, 1385.37, 1616.77, 2925.73 and
3413.83 cm™. Two strong, broad peaks were
observed at 3413.83 and 3736.23 cm™. They
correspond to the N—H stretching vibration of
secondary amines. The band at 2925.73 cm™
occurs due to the C—H stretching vibration of
methylene, methyl, and methoxy groups. The
absorption band at 1081.44 cm™ was associated
with C—O in ether. The band located at 1616.77
c¢cm-1 corresponded to C=0 bend vibration of
ketones. The band at 1385.37 cm* is assigned for
C=C. The band at 829.26 and 619.2 cm? is
assigned to C—C. Our data showed the potential
functional groups of ketone, ether, methyl, and
C=C groups and their contribution to the capping
of the Ms-AgNPs and reduction of silver ions
(Kalaiselvi et al., 2019).

All used concentrations of M. sylvestris
extract and AgNO; did not affect the reduction
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of egg number and nematode reproduction
factor. However, Ms-AgNPs significantly
reduced the egg number and nematode
reproduction factor in the treatment using LCro
equivalent concentration compared to the
untreated control. The results showed that the
use of Ms-AgNPs controls M. javanica
nematode. The results of this study are
consistent with the findings of Abdellatif et al.
(2016), Nour El-Deen et al. (2014), El-Batal et
al. (2018), and Kalaiselvi et al. (2019) findings
that the use of green synthesized nanoparticles
reduces the population and reproductive factor
of nematodes. This is due to the presence of
compounds in M. sylvestris, such as phenolics
and flavonoids, especially antioxidants, with
antioxidant, antimicrobial, and antiviral
properties (Al-Rubaye et al., 2017; Hasimi et
al., 2017) in Ms-AgNPs that are considered to
be pre-disease inhibitors, providing a specific
level of initial protection against bacteria,
fungui, nematodes and pests (Sudhakar et al.,
2007). Some plants also produce secondary
compounds, including phenolic compounds
essential as part of the plant's protection system
against insects and pathogens such as root-knot
nematodes (Wuyts et al., 2006). In addition,
metal nanoparticles, by activating polyphenol
oxidase (PPO) and peroxidase (POD) in tomato
plants, play an important role in increasing
resistance to plant pathogens (Morkunas and
Gmerek, 2007). AgNPs interfere with ATP
synthesis, membrane permeability, and
response to oxidative stress (Choi and Hu,
2008; Lim et al., 2012).

The data showed that Ms-AgNPs did not
significantly alter the growth indices of treated
tomato plants compared with control plants. The
present results contradict those of Surega (2015)
on tomato plants and Abdellatif et al. (2016) on
eggplant, who found that the synthesized
nanoparticles increased plant vegetative
parameters. Reduction of the reproductive factor
of less than one (0.94) at the highest
concentration of silver nanoparticles indicates
that it declines after an initial breeding season
and decreases yearly after that. Molinari and
Baser (2010) showed that treatment with certain
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chemicals increased plant activity and
production of defense enzymes and produced an
additional load for the plant, reducing plant
vegetative parameters. In this study, using Ms-
AgNPs without imposing overload on the plant
has reduced the nematode population.

Conclusion

This study showed that Ms-AgNPs have a high
potential to reduce the population of M.
javanica in infected tomato plants and not
overload the plant. On the other hand, plant
extract and silver nitrate showed the least
efficacy in nematode control, proving that the
nanoparticles synthesized with these two
materials play a more effective role than
nematode control when used alone. The
findings of this study indicate that the
synthesized nanoparticles can be used in
greenhouse tomato cultivation to reduce the
nematode population. This paper describes a
novel approach for the control of root-knot
nematodes. Such a technique is a safe and
effective management program for nematode
control. Evaluation of the effects of Ms-AgNPs
on tomatoes in fields naturally infested with
root-knot nematodes is suggested.
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