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Abstract The potential application of biological 
copper (Cu) nanoparticles (BCuNPs) as fungicides, 
insecticides, and fertilizers has piqued the interest of 
agricultural scientists. In the current study, BCuNPs 
were biosynthesized by an isolate of Bacillus, which 
was determined to be Bacillus subtilis subsp. sub-
tilis.  This strain can tolerate copper concentrations 
up to 12 mM and reduce copper by synthesizing 
BCuNPs. Ultraviolet-visible spectroscopy, dynamic 

light scattering (DLS), Zeta potential, Fourier trans-
form infrared (FTIR), and transmission electron 
microscopy (TEM)  equipment were used to char-
acterize BCuNPs. As assessed by TEM and DLS, 
they ranged in size from 15 to 45 nm, with an aver-
age particle size of 23 nm. It was necessary to con-
duct both in vitro and in vivo studies to confirm the 
nematicidal activity of the fabricated BCuNPs on 
the infective second-stage juveniles (J2s) and eggs of 
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Meloidogyne  incognita the causal agent of root knot 
disease of cucumber. The in vitro application of dif-
ferent concentrations (100, 125, 150, 175, 200, 225, 
and 250 ppm) of BCuNPs significantly (P<0.05) 
increased the number of dead (J2s) of M.  incognita, 
and significantly (P<0.05) decreased the percent-
age of egg hatching of M. incognita after 12, 24, 48, 
72, and 96 h of application compared to the negative 
control (distilled water) with 250 ppm being the most 
effective dose of application after 96 h of application. 
Furthermore, the in vitro application of these different 
concentrations of BCuNPs combined with nematicide 
Tervigo® (abamectin, at the recommended appli-
cation rate (RAR) of 0.1), significantly (P<0.05) 
increased the number of dead (J2s), and significantly 
(P<0.05) decreased the percentage of egg hatching of 
M. incognita compared to the negative control (dis-
tilled water), the positive control (Tervigo® alone), 
and compared to the BCuNPs alone, with 250 ppm 
being the most effective dose of application after 96 
h of application. The number of galls, number of 
egg masses, root gall index, egg mass index of M. 
incognita on infected cucumber, the population den-
sity of M. incognita J2s 100 g  soil-1, as well as the 
population of Tylenchorhynchus spp., Pratylenchus 
spp., and Helicotylenchus spp. in soil, were all sig-
nificantly (P<0.05) reduced by 100, 150, 200, and 
250 ppm of BCuNPs when applied under greenhouse 
conditions, with 250 ppm being the most toxic com-
pared to the untreated of M. incognita treatment. 
When the nematicide abamectin (used at 0.1 RAR) 
and BCuNPs (used at 250 ppm) were used together 
in vivo, they had a synergistic effect on M. incognita. 
This treatment was found to be significantly (P<0.05) 
better than the nematicide abamectin alone in reduc-
ing the number of galls, the number of egg masses, 
the root gall index, the egg mass index of M. incog-
nita on infected cucumber, and the population den-
sity of J2s 100 g  soil-1. These findings indicate that 
the use of BCuNPs at 250 ppm either individually or 
combined with nematicide abamectin in integrated 
pest management systems for controlling nematodes 
infesting cucumber is recommended.

Keywords Bacillus · Characterization · Disease 
suppression · Egg-hatching · Green synthesis · 
Integrated pest management · Meloidogyne 
incognita · Nanotechnology · Plant growth

Introduction

More than 4,100 different species of plant-parasitic 
nematodes (PPNs) are known to infest a wide range 
of agricultural plants (Mesa-Valle et al., 2020). Loss 
of crop production due to PPNs costs the global econ-
omy an estimated $173 billion per year (Kumar et al., 
2020). PPNs pose a significant risk to the produc-
tion of vegetables and are responsible for significant 
reductions in crop quality and yield all over the world 
(Williamson & Kumar, 2006; Zasada et  al., 2010; 
Jones et  al., 2013; Zhang et  al., 2022; El-Marzoky 
et al., 2023; Kassam et al., 2023).

Meloidogyne spp. (root-knot nematodes) are the 
major pests of vegetables especially in the tropics 
and subtropics (El-Saadony et  al., 2022; Saad et  al., 
2022a; Zhang et  al., 2022; Kassam et  al., 2023), 
infecting the majority of commercially significant 
vegetable crops including tomatoes (Radwan et  al., 
2012; Daoush et al., 2023; Nie et al., 2023), eggplants 
(El-Ashry et  al., 2022; Caliskan et  al., 2023; Khan 
& Tanaka, 2023), potatoes (Getu et al., 2023), sugar 
beet (Gohar et  al., 2023), and cucumbers (Zhang 
et al., 2022; Fu et al., 2023; Parsiaaref et al., 2023). 
Meloidogyne has over 90 species, with Meloidogyne 
incognita (Kofoid & White) Chitwood, Meloidogyne 
javanica (Treub) Chitwood, and Meloidogyne are-
naria (Neal) Chitwood being particularly polypha-
gous apomictic species (Hunt & Handoo, 2009). In 
addition to their widespread distribution in tropical 
and subtropical regions, these three species can also 
be found in more temperate regions, particularly in 
sheltered cultivation (Hunt & Handoo, 2009).

M. incognita is the most common species of nema-
tode that causes root knot disease on vegetable crops 
(El-Deeb et al., 2018; El-Eslamboly et al., 2019; El-
Ashry et al., 2021; Zhang et al., 2022; Fu et al., 2023; 
Kassam et al., 2023). M. incognita frequently causes 
considerable damage to plant roots, which results in a 
reduction in the plant’s ability to absorb both nutrients 
and water (Zhang et al., 2022). Growers, on the other 
hand, are not typically aware of M. incognita and the 
disastrous effects it produces because the early indi-
cations of the disease are not noticeable until after the 
population has established itself and caused economic 
losses (El-Ashry et al., 2021; Zhang et al., 2022).

These nematodes are obligate, endoparasites which 
produce galls in their hosts’ roots (Noureddine et al., 
2022; Khan & Tanaka, 2023). M. incognita-affected 
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plants exhibit above-ground symptoms of water and 
nutritional stress, including yellowing, wilting, and 
stunting (Fernandez et al., 2015; Zhang et al., 2021). 
The most common symptom is below-ground gall-
ing on roots, bulbs, and tubers. Plant death may result 
if the infection level is high (Fernandez et al., 2015; 
Zhang et  al., 2021). Root symptoms result from the 
stimulation of big cells that the worm uses as food 
sources at different times during its life cycle (Moens 
et  al., 2009). Because of the formation of defective 
roots and root galls, they cause significant economic 
damage to the crop (Singh et al., 2019).

Depending on the species and climatic conditions, 
their life cycle might last from 3 to 6 weeks. Female 
adults lay 500 to 1,000 eggs in a gelatinous matrix 
produced on the root surface. Second-stage juveniles 
(pre-parasitic J2s) develop from eggs under favorable 
conditions and are the only infective stage that enters 
the plant roots at the root-tip. Once within, parasitic 
J2s travel through intercellular gaps to the root mer-
istem (Jagdale et al., 2021). When parasitic J2s reach 
the protoxylem, they do a U-turn and move up the 
vascular cylinder, becoming stationary. At this point, 
they choose five to eight cells and infuse them with 
oesophageal gland-secreted effectors, resulting in cel-
lular reprogramming and the development of large 
giant cells (Jagdale et al., 2021).

Cucumber (Cucumis sativus L.) is an economi-
cally important vegetable crop worldwide. China 
ranks first both in acreage and yield of cucumber. 
In China, >70,338,971 tons of cucumbers were har-
vested on 1,258,370 ha in 2019 (FAOSTAT, 2020). In 
Egypt, cucumber production reached to 519.858 tons 
 ha-1 (FAOSTAT, 2016). Root damage and yield losses 
caused by M. incognita are serious problems for 
cucumber farmers around the world (El-Ashry et al., 
2021; Zhang et al., 2022; Fu et al., 2023; Parsiaaref 
et al., 2023). Growers in Egypt face various obstacles 
that limit productivity and quality of cucumbers as 
a direct result of consecutive monocropping. These 
challenges pose a huge danger to growers. M. incog-
nita limits cucumber production in Egypt, and gar-
deners must act quickly to manage this nematode pest 
(El-Eslamboly et al., 2019; El-Ashry et al., 2021)

To control root-knot nematodes in affected loca-
tions, several control techniques were used. The 
classic nematode control strategy relies heav-
ily on chemical nematicides. However, due to the 
potential harmful effects on the environment and 

ineffectiveness after continuous usage, most chemical 
nematicides have been banned or limited, and there is 
an urgent need for safer and more effective replace-
ments (Zukerman & Esnard, 1994; Li et  al., 2018; 
Huang et  al., 2019). Researchers from all over the 
world are working to standardize root-knot nematode 
management strategies through non-chemical and 
eco-friendly methods such as organic amendments, 
fertilization, soil management, sanitation, heat-based 
methods, production of resistant cultivars and biolog-
ical control, to stabilize vegetable production (Col-
lange et al., 2011; Radwan et al., 2012; Giné & Sor-
ribas, 2017; Wang et al., 2021; Yin et al., 2021; Antil 
et  al., 2023; Kassam et  al., 2023; Khan & Tanaka, 
2023; Park et al., 2023).

Research in nanotechnology has quickly become 
one of the most exciting subfields in the field of mate-
rials science (Kate et  al., 2022). The importance of 
using environmentally friendly green synthesis meth-
ods for producing nanomaterials has increased sig-
nificantly over the past few years, making this method 
one of the most prominent ways in the field of mod-
ern material sciences (Mahboub et al., 2022).

The characteristics of nanoparticles are determined 
by their dimensions, shapes, contents, crystallinity, 
and structures (Hidangmayum et  al., 2022; Rajput 
et  al., 2022). The traditional physical and chemi-
cal techniques for the synthesis of nanomaterials 
both have a number of drawbacks (Sukumar et  al., 
2020; Kate et al., 2022). According to Sukumar et al. 
(2020), some of these problems include settings of 
extremely high pressure and temperature, chemicals 
that are both expensive and hazardous, a longer reac-
tion time, and the absorption of toxic byproducts on 
the surface of the nanomaterial. All of these aspects 
increase the difficulty of producing the nanomate-
rials (Sukumar et  al., 2020). One of the most often 
used methods for avoiding the drawbacks of chemi-
cal or physical manufacturing is the environmentally 
friendly synthesis, which has been increasingly popu-
lar in recent years (Saad et  al., 2022a, b; Alowaiesh 
et al., 2023).

There are numerous green synthesis techniques 
for converting metal salts to nanomaterials, such 
as the use of plant extracts, algal extracts, bacterial 
enzymes, extracellular polymeric molecules (El-
Saadony et  al., 2021; El-Saadony et  al., 2022; Saad 
et al., 2022b; Elkobrosy et al., 2023). Metal-tolerant 
bacteria are critical nano-factories that collect and 
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detoxify heavy metals (El-Saadony et al., 2022; Saad 
et al., 2022b). Synthesis of nanomaterials using plant 
extracts may be easier than synthesis using microor-
ganisms; nevertheless, microbial production is more 
cost-effective and resistant to fluctuations in seasonal-
ity and plant growth stage (El-Saadony et  al., 2021; 
El-Saadony et al., 2022).

Copper sulfate  (CuSO4), the most basic compo-
nent of the copper chemical family, possesses a wide 
range of physical properties that could be placed to 
beneficial use (Buazar et  al., 2019). Because of its 
unique features, such as durability, conductivity, cata-
lytic activity, and anticancer and antibacterial capa-
bilities, copper sulfate has sparked more interest than 
other nanomaterials (Buazar et  al., 2019). Copper 
nanoparticles, also known as CuNPs, are becoming 
increasingly popular for a number of reasons, includ-
ing the fact that they are easily accessible and much 
less expensive than other noble metals, such as gold 
and silver, and that they have a significant amount 
of untapped potential for use in antimicrobial appli-
cations (Gkanatsiou et  al., 2019; El-Saadony et  al., 
2020; Amin et  al., 2021; Sathiyavimal et  al., 2021). 
Due to their low cost, non-toxicity, and ease of pro-
duction, CuNPs have gained a lot of interest in a 
variety of research domains, including solar cells, 
biofuels, photocatalytic degradation, water pollution 
remediation, supercapacitors, and electrocatalysis 
(Velsankar et al., 2021).

Because of its unique qualities, such as remark-
able strength, increased chemical reactivity, and the 
production of nanoparticles with strong electrical 
conductivity, nanotechnology have rapidly emerged 
in agricultural applied sciences, including traditional 
and biocontrol of insect pests and plant-parasitic 
nematodes, primarily root-knot nematode species, 
Meloidogyne spp. (Sabry, 2019; Wallyn et al., 2019; 
El-Ashry et  al., 2022; Ghareeb et  al., 2022; Daoush 
et al., 2023; Elkobrosy et al., 2023).

There has been no research on the use of green 
CuNPs as a nematicidal  agent to combat root-knot 
nematodes and improve the physiochemical and mor-
phological features of root-knot nematodes-infected 
cucumber. In the current study, we used a newly iso-
lated strain of Bacillus subtilis AM18 to successfully 
produce green biological Cu nanoparticles (BCuNPs), 
which we then optimized and characterized before 
testing for their larvicidal and ovicidal effects on the 
number, percentage mortality of M. incognita J2s 

larvae and the hatching percentage of M. incognita 
eggs in vitro, either individually or in combination 
with the nematicide Tervigo (abamectin, at the rec-
ommended application rate (RAR) of 0.1).

As a result, the present study also aimed to com-
pare the effectiveness of different concentrations of 
BCuNPs on M. incognita larvae and eggs under in 
vivo greenhouse conditions, either alone or in com-
bination with other biological amendments and 
abamectin, as well as the performance of cucum-
ber plants infected with M. incognita. The objective 
was also to determine the optimal doses of BCuNPs 
for inhibiting the total population of M. incognita, 
Tylenchorhynchus spp., Pratylenchus spp., and Heli-
cotylenchus spp. in soils where cucumbers were 
grown.

Materials and Methods

Collection of soil samples

Four soil samples (B11, B15, B20, and B30) were 
collected from cucumber rhizophore soils. The top 
0–30 cm of soils were removed, dried, and then 
milled into a powder. Following the removal of any 
small stones or root pieces from the soil samples by 
means of a sieve with a mesh size of 5 mm, the sam-
ples were then placed in clean jars with screw-on 
lids and stored at 28°C in the dark for 7 days prior to 
being subjected to microbiological analysis.

Isolation and screening of  CuSO4-resistant bacteria

The soil dilution plate method (Johnson & Curl, 1972) 
employing a nutrient agar medium was utilized in 
order to successfully isolate bacteria from each soil 
sample. Nutrient agar (Lab M Limited, Lancashire, 
United Kingdom) was supplemented with cyclohex-
imide and nystatin (50 g  mL-1 each; Sigma-Aldrich 
Chemie GmbH, Taufkirchen, Germany). After cooling 
to 45°C, these two antifungal antibiotics were added 
to the nutrient agar right before pouring the plates.

Ten g of each soil sample was combined with 100 
mL of sterile deionized water in Erlenmeyer flasks. 
The soil suspension was then agitated for 30 min at 
28°C using a rotary shaker (Model G76, New Brun-
swick Scientific, Edison, NJ, USA) at 250 revolutions 
per minute (rpm). After shaking the stock original 



57Eur J Plant Pathol (2023) 168:53–81 

1 3
Vol.: (0123456789)

flask, tenfold dilutions  (10-2 –  10-5) were performed 
with sterile deionized water as indicated by Johnson 
& Curl (1972). Aliquots (0.2 mL) were then spread 
across the surface of nutrient agar in Petri plates using 
a sterile hockey-shaped glass rod. For each dilution, 
five plates were used, and after drying for 10 min in a 
laminar airflow cabinet, the plates were incubated for 
3 days in the dark at 28°C.

Various bacteria were cultured and purified using 
nutrient agar plates. Color, texture, elevation, margin, 
and opacity were used to select representative colo-
nies for collection. Colonies were purified and main-
tained at 4°C on nutrient agar slants.

Determination of bacterial tolerance to different 
concentrations of  CuSO4

Nutrient agar plates containing deionized water and 
2, 4, 6, 7, 10, and 12 mM  CuSO4 (Saad et al., 2022b) 
were used to test the selected isolates for  CuSO4 tol-
erance. After streaking the isolates onto plates, they 
were incubated at 28°C in the dark for 4 days (Wil-
liams et al., 1972). Isolates that continued to develop 
vigorously after being grown in nutrient agar plates 
supplemented with 12 mM  CuSO4 were classified as 
being tolerant to the highest concentration of  CuSO4 
(i.e.  CuSO4-tolerant bacteria). There were five repli-
cates of each isolate.

Identification of  CuSO4-tolerant bacteria

Only the strongest selected  CuSO4-tolerant bacteria 
which grew up to 12 mM  CuSO4 was putatively iden-
tified to species level using cultural, morphological, 
biochemical, and physiological tests as described by 
Logan & De Vos (2009). The identification was con-
firmed by matrix-assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF MS, 
Bruker Daltonics GmbH & Co. KG, Bremen, Ger-
many) (Schumaker et  al., 2012). The Biotyper Com-
pass Explorer (Bruker Daltonics) was used to assess 
and convert spectrum data, as described by Jadhav 
et al. (2021).

Fabrication and optimization of culture conditions to 
improve the production of BCuNPs

An aliquot (100 µL) of a bacterial suspension  (1x108 
colony forming units) (CFU) was homogenized into 

100 mL of Luria-Bertani (LB) broth (Lab M) and 
cultured in an orbital shaker incubator at 200 rpm 
at 35°C for two days. Cultures were centrifuged at 
12,000 x g for 30 min. The supernatant was collected 
and mixed with 100 mL of LB broth containing 12 
mM  CuSO4 (Saad et  al. 2022a). The transformation 
of  CuSO4 to BCuNPs by the selected isolate super-
natant was represented by a shift in color from blue 
to pale green once the optimum circumstances have 
been determined. The control flasks containing only 
 CuSO4 or the bacterial supernatant without  CuSO4 
(12 mM) were kept under same conditions (Saad 
et al., 2022a).

Several studies were conducted to establish the 
optimal culture conditions required to optimize 
BCuNP production. Freshly produced bacterial 
inoculum grown LB medium was added with  CuSO4 
under the following growth conditions specified 
below. The conditions tested were; reaction time (1, 
2, 3, 4, 5, and 6 days), temperature (10, 20, 30, 40, 50, 
and 60°C), pH values (2, 4, 6, 8, 10, and 12), different 
concentrations of  CuSO4 (2, 4, 6, 8, 10, ad 12 mM), 
different aliquots of bacterial supernatant (5, 10, 15, 
20, 25, and 30 mL), and using different cultivation 
media (Mueller Hinton broth (MHB), LB broth, nutri-
ent broth (NB), mineral salts medium (MSM), tryptic 
soy broth (TSB), and plate count broth (PCB)).

Using a shaking incubator, the flasks were incu-
bated either under static conditions or agitated at 
different speeds (100, 150, 200, 250, 300, and 350) 
rpm. Optical density (OD) was measured at 300 nm 
(OD300) using a Zetasizer  (Malvern Panalytical, 
Malvern, UK). These experiments were carried out 
according to El-Saadony et  al. (2020). Except for 
one variable factor, all factors in each of these stud-
ies were held constant. There were five replicates for 
each experiment.

Characterization of BCuNPs produced by 
 CuSO4-tolerant bacteria

After observing BCuNPs formation by the media 
changing color from blue to pale green, they were 
further characterized by Jenway ultraviolet (UV) vis-
ible spectroscopy (Cole-Parmer, IL, USA) to meas-
ure BCuNPs’ UV absorption spectra in 200 - 1,000 
nm. Fourier-transform infrared spectroscopy (FTIR; 
Bruker Tensor, Kaller, Germany) at 3,500 - 500 
 cm-1 was used to investigate the interaction between 



58 Eur J Plant Pathol (2023) 168:53–81

1 3
Vol:. (1234567890)

proteins detected in cell-free extract and BCuNPs 
(Chattopadhyay et  al., 2013). Potential active sub-
stances in the cell-free extract of bacteria were also 
characterized using FTIR.

The particle size of nanoparticles in disper-
sals and their aggregation rate were determined by 
dynamic light scattering (DLS) (Malvern Panalytical) 
(Gunti et  al., 2019). The polydispersity index (PDI) 
assesses the homogeneity of nanoparticles; the lower 
the PDI, the more homogeneous the nanoparticles 
(Gunti et al., 2019). At 272°C, the size distribution of 
BCuNPs was measured using a Zetasizer nano range 
(Malvern Panalytical).

The surface charge of the nanoparticles was deter-
mined using a zeta-potential analyzer  (Malvern 
Panalytical) (Gunti et  al., 2019). Transmission elec-
tron microscopy (TEM; JEOL Ltd., Tokyo, Japan) 
was used to determine the form and size of BCuNPs 
(Mendez et al., 2011).

Production of M. incognita inoculum

For the current research, a single egg mass was used 
to produce a population of M. incognita on tomato 
(Solanum lycopersicum L.) susceptible cultivar super 
strain B (El-Ashry et  al. 2022). Nematode species 
were identified based on the perineal pattern region 
root rot nematode females and infective juveniles 
(J2s) measurements. Free eggs and J2s were col-
lected from the infected roots for plant inoculation 
(El-Ashry et  al. 2022). A 200-mesh filter was used 
to filter the egg suspension twice. In order to ensure 
that no sodium hypochlorite solution was left behind, 

the free eggs were collected using a 500-mesh filter 
and then rinsed thoroughly with distilled water before 
being placed in Petri plates and incubated at 25°C. 
According to El-Ashry et  al. (2022), only recently 
hatched J2s were collected for in vitro testing.

In vitro assessment of BcuNPs on M. incognita J2s 
and percentage of egg hatching

BCuNPs assay on M. incognita J2s

The technique outlined below was utilized to evaluate the 
inhibitory impact of BCuNPs concentrations as larvicidal 
agent against M. incognita J2s. The nematicidal effect of 
BCuNPs concentrations (100, 125, 150, 175, 200, 225, 
and 250 ppm) was tested on J2 of M. incognita at 25˚C.

Aliquots (100  µL) of J2s suspension (200  J2s) 
was added to 10  mL of BCuNPs concentrations in 
petri plates. In addition, 10 mL of distilled water 
was placed in each of the control plates replacing 
BCuNPs. Juvenile mortality was assessed 12, 24, 
48, 72, and 96 h after treatment (El-Ashry et  al., 
2022). J2s was judged dead if they maintained an 
inert straight posture or did not move after being 
prodded (De Nardo & Grewal, 2003). Over the indi-
cated time intervals, mortality counts in 1 mL were 
recorded using a Hawksley counting slide, under 
100 X magnification. Immobile juveniles were 
sieved, collected, and washed in distilled water for 
5 h to allow them to recuperate (Saad et al., 2021).

Each treatment was replicated five times and the 
plates were incubated at 25°C (Saad et  al., 2021) 
and the percentage of mortality was determined by 
using the following equation number 1:

BCuNPs assay on egg hatching percentage of M. 
incognita

Different concentrations of BCuNPs (100, 125, 150, 
175, 200, 225, and 250 ppm) were tested in vitro to 
determine their toxicity on the hatching of free eggs. 
The free egg count was adjusted to 2000 eggs  mL-1 
by allowing the eggs to settle for 10 min. An ali-
quot of 0.1 mL containing approximately 200 eggs 
was pipetted onto 9 cm Petri plates with 10 mL of 

(1)
J2s Mortality (%) = (Number of dead J2s∕Total number of J2s) x100

BCuNPs concentrations and stored at 25˚C and each 
treatment was replicated five times.

For 12, 24, 48, 72, and 96 h, Petri plates were 
checked daily for egg hatching inhibition. Live mem-
bers were counted as hatching eggs or active J2 juve-
niles, while immotile eggs or J2s were given 5 h to 
recuperate in tap water before being counted again. In 
the control Petri plates, only 10 mL of distilled water 
was given to the hatching eggs without the applica-
tion of BCuNPs. The number of hatching eggs was 
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determined using a Nikon-Eclipse 50i light micro-
scope (Nikon Instruments Inc., NY, USA), at 100X 
magnification.

Equation number 2 was used to determine the 
extent to which BCuNPs treatment inhibited egg 
hatching in comparison to the control treatment:

Interactive effects of BCuNPs and the nematicide 
Tervigo (abamectin) in vitro

BCuNPs and the nematicide Tervigo® 020SC 
(abamectin, at the recommended application rate 
(RAR) of 0.1; Syngenta, Basel, Switzerland) were 
tested for their combined effects on the hatching and 
mortality of M. incognita free eggs and juveniles.

Nematicidal effect of the mixture on the mortality 
of M. incognita J2s

M. incognita J2s were exposed to nematicide and 
BCuNPs and then left at room temperature (25˚C) 
to determine their impact on mortality. The posi-
tive control treatment consisted of only 10 mL of 
the nematicide Tervigo® 020SC (at RAR of 0.1) in 
9-cm Petri plates with 200 J2s of M. incognita in 
0.1 mL. The negative control treatment employed 
simply distilled water in 9-cm Petri plates contain-
ing 200 J2s.

The combination of BCuNPs tested concentra-
tions (100, 125, 150, 175, 200, 225, and 250 ppm) 
and Tervigo® (abamectin, at RAR of 0.1) was used 
as tested treatments against M. incognita J2s by add-
ing 5 mL of abamectin, at RAR of 0.1 containing 200 
J2s in 0.1 mL and 5 mL from each BCuNPs concen-
tration. The J2s mortality rate of the tested materials 
was checked every day. According to De Nardo and 
Grewal (2003), J2s who exhibited an inert straight 
posture or failed to demonstrate any movement in 
response to prodding were believed to be dead.

Over the given time intervals, mortality was 
observed under 100 X magnification in 1 mL. Per-
centages of mortality were determined using equa-
tion (1). Each treatment was repeated five times and 
the plates were incubated at 25°C (Saad et al., 2021).

(2)
Egg hatching inhibition (%) =

Control − Treatment

Control
x100

Nematicidal effect of the mixture on the percentage 
egg hatching of M. incognita

The following experiments were used to assess the 
nematicidal  interactive effect of 0.1 RAR of the 
tested nematicide Tervigo® (abamectin) mixed with 
BCuNPs tested concentrations (100, 125, 150, 175, 
200, 225, and 250 ppm) compared to the nematicide 
alone on egg hatching of M. incognita.

The free eggs from infected roots were extracted 
by  Hussey and Barker (1973). About 200 nematode 
eggs in 0.L ml of distilled water were added to 10 mL 
of 0.1 RAR of nematicide Tervigo® (positive con-
trol) or 5 mL of 0.1 RAR of nematicide combined 
with 5 mL of BCuNPs mixture (100, 125, 150, 175, 
200, 225, and 250 ppm) to obtain 10 ml in 9-cm Petri 
plate. Eggs that showed no signs of life were consid-
ered to be dead. All Petri plates were kept at a tem-
perature of 25°C and inspected daily for suppression 
of egg hatching at 12, 24, 48,72, and 96 h. The nega-
tive control treatment contained only free eggs in 10 
mL of distilled water.

All treatments were replicated five times. Healthy 
eggs and active J2s were scored as living members. 
In contrast, immobile eggs or J2s were allowed 
to recover in tap water for 5 h, and the number of 
hatched J2s was represented as the cumulative num-
ber of viable J2s juveniles (Talavera-Rubia et  al., 
2020). Data collection included the number of 
hatched J2s from eggs and percentages of egg-hatch-
ing inhibition due to BCuNPs application in compari-
son with distilled water (control treatment). Percent-
ages of egg hatching inhibition were calculated using 
equation (2).

Experimental design of in vivo BCuNPs activity 
against M. incognita infecting cucumber

Cucumber (Cucumis sativus L.) grown in a green-
house at a temperature of 25°C, with a photoperiod 
of 18:6, D, L, and a relative humidity of 75%, cucum-
ber plants were subjected to M. incognita inoculum 
or tested BCuNPs. Surface sterilized cucumber seeds 
were planted in plastic pots (15 cm in diameter and 
height of 21 cm) filled with sterilized soil (74.1% 
sand, 13.5% clay, 6.1% silt), 122 g peat moss, and 
3 mg urea fertilizer per kilogram of soil, and stand-
ard agricultural practices, such as irrigation and 
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fertilization, were used. The experiments were carried 
out at the beginning of summer 2020 and repeated 
again in summer 2021. No pesticides were employed, 
and each treatment and control were replicated five 
times, and all plants were irrigated at the same time.

After 3 weeks of sowing the seeds, three seedlings 
of the tested cucumber cultivar were transplanted 
into each plastic pot. After 5 days, each seedling 
was inoculated with 1000 newly hatched J2s from a 
pure culture of M. incognita by pipetting 5 mL of the 
inoculum suspension into five holes around the root 
system, which were directly covered with 5 g of moist 
sandy soil. All plastic pots treatments were arranged 
in a randomized complete block design (RCBD) with 
five replicates.

In vivo nematicidal activities of different doses 
of BCuNPs on M. incognita infecting cucumber

In the current investigation, different concentra-
tions of BCuNPs were used (100, 150, 200, and 250 
ppm). Aliquots of 40 mL of each BCuNPs concentra-
tion were incorporated with the upper 5  cm of soil 
around each plant. The healthy plants in the negative 
control group were not exposed to any nematodes 
or BCuNPs, while the infected plants in the positive 
control group were only exposed to J2s of M. incog-
nita. Similar horticultural practices were applied to 
each plant in the greenhouse, which was incubated at 
a constant temperature of 25°C.

A total of three treatments were applied as the fol-
lowing: (i) BCuNPs with 100, 150, 200, and 250 ppm 
were added at the same time with nematode inocula-
tion, (ii) BCuNPs with 100, 150, 200, and 250 ppm 
were added 3 days after nematode inoculation, and 
(iii) BCuNPs with 100, 150, 200, and 250 ppm were 
added 7 days after nematode inoculation.

After 60 days, all uprooted cucumbers were 
wrapped with tissue paper to avoid drying. Plant 
growth parameters (plant weight  g-1) and the nema-
tode parameters (number of galls, number of egg 
masses, root gall index, egg mass index, and number 
of J2s 100 g  soil-1) were evaluated. Root gall index 
and egg mass index were calculated according to 
the scale given by Taylor & Sasser (1978), where 0: 
no galls or egg masses, 1: 1-2 galls or egg masses, 
2: 3-10 galls or egg masses, 3: 11-30 galls or egg 

masses, 4: 31-100 galls or egg masses, and 5: more 
than 100 galls or egg masses. Samples of 100 g soil 
were processed for nematode extraction using a com-
bination of sieving and Baermann trays techniques 
(Hooper et  al., 2005). The percentage reduction in 
number of J2s 100 g  soil-1 and the percentage increase 
of plant weight were assessed following equation  3, 
and 4, respectively.

In vivo nematicidal activities of different doses 
of BCuNPs on the population of PPNs infecting 
cucumber

At the end of the experiment described above (after 
60 days), the population of PPNs (Tylenchorhynchus 
spp., Pratylenchus spp., and Helicotylenchus spp.) 
were counted. PPNs were collected from naturally 
infected cucumber plants. Subsamples were obtained 
with a hand trowel at a depth of 15-30 cm from the 
rhizosphere area of infected cucumber and then 
blended to make a composite sample of around 1 kg, 
which was stored in polyethylene bags.

The samples were stored in an icebox at 15°C until 
they were shipped off to the laboratory for nema-
tode extraction. Using a combination of sieving and 
the Baermann trays method, about 250 g of soil and 
roots were removed (Hooper et al., 2005). Pipetting 1 
mL of nematode suspension into a Hawksely count-
ing slide and inspecting with Nikon-Eclipse 50i light 
microscope (Nikon) at 100X magnification enabled the 
identification of PPNs. Adult and juvenile nematode 
morphology was used to determine species according 
to Soetaert et al. (2002). Nematode reduction (%) was 
calculated according to the following equation:

Reproduction factor (RF) = Pf/Pi was calculated. 
Where Pf = final population, and Pi = initial popula-
tion. Each treatment and measurement was replicated 
five times.

(3)Reduction (%) =
(Control − Treatment)

Control
x100

(4)Increase (%) =
(Treatment − Control)

Control
x100

(5)
Nematode reduction (%) =

(Control − Treatment)

Control
x100



61Eur J Plant Pathol (2023) 168:53–81 

1 3
Vol.: (0123456789)

Effect of synergistic interactions of BCuNPs 
and some bioagents and a nematicide on cucumber 
performance infected with M. incognita 
under greenhouse conditions

Another in vivo greenhouse experiment was also 
carried out to study the effect of the application of 
BCuNPs concentrations (100, 150, 200, and 250) 
ppm individually and in combination with biological 
products (BECTO Grow  Roots®, and  Biozeid®), com-
posted chicken manure, and the nematicide Tervogo 
on cucumber, cultivar Chief (SC 4145) infected with 
M. incognita.

In the individual treatments, BECTO Grow  Roots®, 
and  Biozeid®, were added as per the manufacturer rec-
ommended rate at 10 mL  plant-1. Tervigo®, was added 
at RAR of 0.1, and composted chicken manure was 
added as 3 g plant -1. The additions were mixed with 
the upper 5 cm of soil around each plant.

Aliquots of 40 mL of BCuNPs concentration were 
incorporated with the upper 5  cm of soil around 
each plant, 7 days after nematode inoculation as 
described above. The healthy plants in the negative 
control group were not exposed to any nematodes 
or BCuNPs, while the infected plants in the positive 
control group were only exposed to J2s of M. incog-
nita. Similar horticultural practices were applied to 
each plant in the greenhouse, which was incubated at 
a constant temperature of 25°C.

A total of 12 treatments were applied as the fol-
lowing: T1, M.incognita + 250 ppm BCuNPs; 
T2, M.incognita + 200 ppm BCuNPs; T3, 
M.incognita + 150 ppm BCuNPs; T4, M.incognita 
+ 100 ppm BCuNPs; T5, M.incognita + composted 
chicken manure; T6, M.incognita +  Biozeid®; 
T7, M.incognita + BECTO Grow  Roots®; T8, 
M.incognita + nematicide Tervigo® (abamectin, at 
RAR of 0.1), T9, M.incognita + composted chicken 
manure + 250 ppm BCuNPs; T10, M.incognita + 
 Biozeid® + 250 ppm BCuNPs; T11, M.incognita + 
BECTO Grow Roots® + 250 ppm BCuNPs; and T12, 
M.incognita + nematicide Tervigo® (abamectin, at 
RAR of 0.1) + 250 ppm BCuNPs. The concentration 
of BCuNPs at 250 ppm was exclusively employed for 
the combination application because it was proven to 
be the most effective dose.

After 60 days, all uprooted cucumbers were 
wrapped with tissue paper to avoid drying. Plant 

growth parameters (weight of fresh root and fresh 
shoot  (g), and number of leaves) and the nematode 
parameters (number of galls, number of egg masses), 
were evaluated. Samples of 100  g soil were pro-
cessed for nematode extraction using a combination 
of sieving and Baermann trays  technique (Hooper 
et al., 2005) in order to determine the number of J2s 
100 g  soil-1. The percentage reduction in number of 
galls, number of egg masses, and number of J2s 100 
g  soil-1 and the percentage increase of weight of fresh 
root and fresh shoot  (g), and number of leaves were 
assessed following equations 3, and 4, respectively.

Statistical analysis

All in vitro tests were carried out using a randomized 
design. RCBD was used in all of the greenhouse 
experiments in the present study. The same results 
were seen in a second round of the greenhouse exper-
iment, and accordingly, all data were combined and 
analyzed using SAS Software version 9 ANOVA 
technique (SAS Institute Inc., NC, USA). Fisher’s 
least significant difference (LSD) test was used at the 
P = 0.05 level to compare treatment means. Percent-
age data were arcsine transformed before analysis.

Results

Isolation and determination of  CuSO4-resistant 
isolates

A total of 64 bacterial isolates were isolated from 
four cucumber rhizophore soils. To identify the most 
active  CuSO4-resistant bacteria, all 64 pure cultures 
were cultivated on nutrient agar plates supplemented 
with 2, 4, 6, 8, 10, and 12 mM  CuSO4. Only 30 of the 
tested isolates showed significant growth on  CuSO4 
plates, albeit their levels of tolerance varied. The 
remaining 34 isolates were eliminated from the pre-
sent study because they failed to thrive on plates with 
2, 4, 6, 8, 10, and 12 mM  CuSO4 (Table 1).

Soil sample B11 yielded nine different  CuSO4-resistant 
isolates (AM1, AM2, AM3, AM4, AM5, AM7, 
AM9, AM10, AM11), sample B15 yielded seven 
 CuSO4-resistant isolates (AM12, AM15, AM18, AM19, 
AM22, AM23, AM24), sample B20 yielded ten different 
 CuSO4-resistant isolates (AM25, AM27, AM29, AM32, 



62 Eur J Plant Pathol (2023) 168:53–81

1 3
Vol:. (1234567890)

AM36, AM40, AM44, AM47, AM50, AM52), and sam-
ple B30 yielded four different  CuSO4-resistant isolates 
(AM56, AM59, AM60, AM6) (Table 1).

The selected 30 isolates were classified based 
on their tolerance to 2, 4, 6, 8, 10, and 12 mM 
 CuSO4 (Table  2). All 30 isolates grew strongly on 

nutrient agar plates supplemented with 2 mM CuSO4, 
whereas 21 isolates grew strongly on nutrient agar 
plates provided with 4 mM  CuSO4, and 18 isolates 
grew strongly on nutrient agar plates supplemented 
with 6 and 8 mM  CuSO4 (Table 2). On nutrient agar 
plates enriched with 10 mM  CuSO4, only five isolates 

Table 1  Isolation of copper 
sulfate-resistant bacteria 
from different soil samples

Codes for soil samples Number of isolates

B11 AM1, AM2, AM3, AM4, AM5, AM7, AM9, AM10, AM11
B15 AM12, AM15, AM18, AM19, AM22, AM23, AM24
B20 AM25, AM27, AM29, AM32, AM36, AM40, AM44, 

AM47, AM50, AM52
B30 AM56, AM59, AM60, AM61

Table 2  Screening of 
copper sulfate-resistant 
bacteria isolated from 
different soil samples

+, growth; and -, no growth

Isolates Copper sulfate concentration (mM)

2 4 6 8 10 12

AM1 + + + + ‒ ‒
AM2 + + + + + ‒
AM3 + + + ‒ ‒ ‒
AM4 + + ‒ ‒ ‒ ‒
AM5 + + + ‒ ‒ ‒
AM7 + ‒ ‒ ‒ ‒ ‒
AM9 + + + + ‒ ‒
AM10 + ‒ ‒ ‒ ‒ ‒
AM11 + ‒ ‒ ‒ ‒ ‒
AM12 + + + ‒ ‒ ‒
AM15 + + + + ‒ ‒
AM18 + + + + + +
AM19 + ‒ ‒ ‒ ‒ ‒
AM22 + + + + + ‒
AM23 + + + + ‒ ‒
AM24 + + + ‒ ‒ ‒
AM25 + + + ‒ ‒ ‒
AM27 + + + + ‒ ‒
AM29 + + + + + ‒
AM32 + ‒ ‒ ‒ ‒ ‒
AM36 + + ‒ ‒ ‒ ‒
AM40 + ‒ ‒ ‒ ‒ ‒
AM44 + ‒ ‒ ‒ ‒ ‒
AM47 + + + + + ‒
AM50 + + + ‒ ‒ ‒
AM52 + + + + ‒ ‒
AM56 + + ‒ ‒ ‒ ‒
AM59 + ‒ ‒ ‒ ‒ ‒
AM60 + ‒ ‒ ‒ ‒ ‒
AM61 + + + + ‒ ‒
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(AM2, AM18, AM22, AM29, and AM47) grew vig-
orously; whilst, on plates with 12 mM  CuSO4, only 
one isolate (AM18) grew vigorously (Table 2).

Only AM18, which showed robust growth on 
nutrient agar plates enriched with 2, 4, 6, 8, 10, and 
12 mM  CuSO4 (Table 2), was employed in this inves-
tigation due to its high  CuSO4 tolerance.

Identification of the  CuSO4-resistant strain AM18

Strain AM18 was demonstrated to be Gram-positive, 
rod-shaped, motile, and endospore-forming bacte-
rium. On nutrient agar, colonies from strain AM 18 
were spherical, flattened, homogeneous, clear, off-
white, and undulating along the edges. Morphologi-
cal and biochemical analyses suggested that our iso-
late may be classified as a subspecies of Bacillus.

The identity was confirmed using MALDI-TOF 
MS. The selected bacterium was found to be 99% 
identical to Bacillus subtilis subsp. subtilis.

Optimization of the production conditions of BCuNPs

The ideal conditions for Bacillus isolate AM18 to fab-
ricate BCuNPs are depicted in Fig.  1  A-H. To con-
trol the size of the nanoparticles, the optimization of 

biosynthetic parameters such as reaction durations, incu-
bation temperature, pH,  CuSO4 concentrations, aliquots 
of bacterial supernatant added, agitation speed, types of 
culture medium, and incubation under static or shaken 
conditions, was investigated independently (Fig. 1 A-H).

The size of the BCuNPs decreased as the reaction 
duration and bacterial supernatant quantity increased 
(Fig.  1A, E). DLS analysis revealed that five days of 
incubation with 25 mL of bacterial supernatant resulted 
in the maximum output of nanoparticles with sizes 
of 35 and 45 nm (Fig. 1 A, E). The smallest BCuNPs 
can be produced at a temperature of 40°C, whereas at 
higher temperatures the nanoparticles’ volume grows 
again (Fig. 1B), possibly because the accumulation of 
nanoparticles is facilitated by the higher temperature.

The smallest BCuNPs developed in a pH 6 media 
(Fig. 1C), where hydrogen ions altered the activity of 
bacterial enzymes. Furthermore, at 10 mM  CuSO4 
concentration, BCuNPs with a size of 41 nm were 
produced, which increases 7-fold at 12 mM concen-
tration (Fig. 1D). Nanoparticle size was also affected 
by the medium used; with LB proved to be the most 
suitable (Fig.  1G). Furthermore, agitation was nec-
essary to produce the nanoscale BCuNPs (Fig.  1H). 
BCuNPs measuring 33 nm in size was successfully 
produced by agitation at 200 rpm (Fig. 1F).

Fig. 1  Determination of the optimal conditions for the produc-
tion of biological copper nanoparticles (BCuNPs) fabricated 
by Bacillus subtilis AM18. These conditions were reaction 
time  (A), temperature  (B), pH  (C), concentration of copper 
sulfate  (CuSO4) (D), aliquots of bacterial supernatant (E), agi-

tation speed  (F), type of culture medium  (G), and move-
ment  (H). Mueller Hinton  broth, MHB; Luria-Bertani broth, 
LB; nutrient broth, NB; mineral salts  medium, MSM; tryptic 
soy broth, TSB; and plate count broth, PCB
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Characterization of BCuNPs produced by B. subtilis 
AM18

When B. subtilis AM18 supernatant was added to 
LB media enriched with  CuSO4 solution, the color 
changes from blue to pale green, suggesting that 
 CuSO4 was being biotransformed into BCuNPs. As 
shown in Fig.  2A, the generated BCuNPs exhibited 
UV absorption at 235 nm, proving the Cu transforma-
tion. BCuNPs were spherical with a size between 15 
and 45 nm, as seen in the TEM image (Fig. 2B).

DLS, which was utilized to assess the size and 
charge of nanoparticles in suspension, indicated 
that the stable BCuNPs had a precise size of 23 nm 
(Fig.  2C) and a net negative charge of 16.26 mV 
(Fig. 2D). The FTIR spectrum of BCuNPs indicated 
13 bands between 3500 and 500  cm-1 (Fig.  2E), 
whereas the FTIR spectrum of B. subtilis AM18 
supernatant revealed eight bands (Fig.  2F). These 
bands suggested the presence of active groups such as 
alcohol, phenols, amides, and amines in the structure 
of BCuNPs (Fig.  2E, F). The OH and  NH2 groups 
are represented by 3,419.39  cm-1, whilst the CH 
group was represented by 2,982.66  cm-1. The band at 
2094  cm-1 corresponds to the alkyne group, whereas 
the bands at 1,650.09, 1,373, and 920.66  cm-1 were 
related to alkanes, alkenes, and aromatic chemicals, 
respectively (Fig.  2F). Esters were detected in the 
band (1150  cm-1), while halide compounds were 
detected at 617.39  cm-1 (Fig.  2F). These findings 
demonstrated that BCuNPs underwent monodisperse 
biotransformation.

 Effect of different concentrations of BCuNPs on the 
mortality of M. incognita J2s in vitro

Table 3 shows the in vitro mortality of M. incognita 
J2s using different concentrations of BCuNPS. The 
in vitro application of different concentrations (100, 
125, 150, 175, 200, 225, and 250 ppm) of BCuNPs 
significantly (P<0.05) increased the number of dead 
J2s of M. incognita after 12, 24, 48, 72, and 96 h of 
application compared to the negative control (distilled 
water) with 250 ppm being the most effective dose of 
application after 96 h of application (Table 3).

The number of dead J2s M. incognita increased 
significantly (P<0.05) with increasing time of 
exposure from 12 up to 96 h, with the maximum 
nematicidal activity in killing J2s of M. incognita 

occurring after exposure for 96 h (Table 3). Over-
all, based on all concentrations evaluated, the best 
nematicidal concentration of BCuNPs against 
J2s larvae was 250 ppm, resulting in the highest 
increase in the number of dead J2s of M. incognita 
(Table 3).

Effect of different concentrations of BCuNPs on egg 
hatching percentage of M. incognita in vitro

Table 4 displays the percentage of M. incognita eggs 
that hatched following 12, 24, 48, 72, and 96 h of in 
vitro treatment with varying doses of BCuNPS. After 
12, 24, 48, 72, and 96 h of application, different con-
centrations (100, 125, 150, 175, 200, 225, and 250 
ppm) of BCuNPs significantly (P<0.05) decreased 
the percentage of egg hatching of M. incognita com-
pared to the negative control (distilled water), with 
250 ppm being the most effective dose of application 
after 96 h of application (Table 4).

Hatching was significantly (P<0.05) decreased 
proportionally by increasing the concentrations of 
tested BCuNPs, and 100, 150, 200, and 250 ppm 
demonstrated distinguishable effects as ovicidal 
against free eggs of M. incognita in  vitro (Table 4). 
Maximum nematicidal activity in killing M. incog-
nita eggs occurred after exposure for 96 h (Table 4), 
with the proportion of M. incognita eggs that hatched 
decreasing significantly (P<0.05) with increasing 
period of exposure from 12 up to 96 h.

In vitro effect of varying doses of BCuNPs in 
combination with the nematicide Tervigo® on the 
number of J2s of M. incognita

Table  5 shows the effect of varying concentrations 
of BCuNPs combined with the nematicide Tervigo® 
on the number of dead J2s of M. incognita after 12, 
24, 48, 72, and 96 h of treatment in vitro. The in vitro 
application of various concentrations of BCuNPs 
combined with the nematicide Tervigo® (abamectin, 
at the recommended application rate (RAR) of 0.1), 
significantly (P<0.05) increased the number of dead 
J2s of M. incognita compared to the negative control 
(distilled water) and the positive control (Tervigo® 
alone), with 250 ppm being the most effective dose of 
application after 96 h (Table 5).

The nematicide abamectin was utilized at a 0.1 RAR 
concentration, which resulted in the in vitro larvicidal 
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Fig. 2  Characterization of biological copper nanoparticles 
(BCuNPs) fabricated by Bacillus subtilis AM18 superna-
tant. (A) UV absorbance at 235 nm, (B) transmission electron 
microscopy showing spherical nanoparticles, (C) size of 23 nm 

as measured by Zetasizer, (D) zeta potential showed nanoparti-
cles charge of ‒16.26, (E) active groups surrounded BCuNPs, 
and (F) active groups in B. subtilis AM18 as detected by Fou-
rier transform infrared (FTIR)
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activity of BCuNPs against J2s of M. incognita 
increasing significantly (P<0.05) (Table 5). Compared 
to 0.1 RC Tervigo alone, the nematicides combina-
tions containing BCuNPs demonstrated a significantly 
(P<0.05) greater action against the number of J2s of 
M. incognita (Table 5). Maximum nematicidal activ-
ity of 250 ppm BCuNPs + Tervigo 0.1 RAR in killing 
J2s of M. incognita under in vitro conditions occurred 
after exposure for 96 h (Table 5), and the number of 
dead J2s M. incognita rose significantly (P<0.05) 
with increasing period of exposure from 12 up to 96 
h (Table 5).

Effect of different concentrations of BCuNPs in 
combination with the nematicide Tervigo® on 
percentage of egg hatching of M. incognita in vitro

Table  6 illustrates the effect of increasing concen-
trations of BCuNPs mixed with the nematicide 
Tervigo® on the percentage of M. incognita eggs 
that hatched in vitro following treatment for 12, 24, 
48, 72, and 96 h, respectively. The percentage of M. 
incognita eggs collected was significantly (P<0.05) 
lower after in vitro application of various concen-
trations of BCuNPs combined with the nematicide 

Table 3  Effect of different concentrations of the biological copper nanoparticles (BCuNPs) on the number of immotile “dead” infec-
tive second-stage juveniles (J2s) of Meloidogyne incognita after 12, 24, 48, 72, and 96 h of application in vitro 

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with the 
same letter in a column are not significantly (P>0.05) different. Biological copper nanoparticles (BCuNPs) were fabricated from 
Bacillus subtilis AM18

Number of dead infective second-stage juveniles (J2s) of M. incognita at different time intervals (h)

BCuNPs concentrations (ppm) 12 24 48 72 96

Negative control (distilled water) 4.31f 0.94g 6.63f 5.06f 3.83d
100 ppm BCuNPs 9.80e 57.80f 104.20e 133.40e 191.00c
125 ppm BCuNPs 12.40e 72.80e 123.00d 161.80d 196.20b
150 ppm BCuNPs 25.80d 92.20d 136.40c 186.20b 200.00a
175 ppm BCuNPs 31.80c 97.40c 136.20c 181.80bc 200.00a
200 ppm BCuNPs 40.40b 105.20b 152.20b 175.80c 200.00a
225 ppm BCuNPs 42.60b 113.00a 154.60b 195.20a 200.00a
250 ppm BCuNPs 48.40a 117.20a 163.80a 198.80a 200.00a

Table 4  Effect of different concentrations of the biological copper nanoparticles (BCuNPs) on the percentage of eggs hatching of 
Meloidogyne incognita after 12, 24, 48, 72, and 96 h of application in vitro 

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with the 
same letter in a column are not significantly (P>0.05) different. Biological copper nanoparticles (BCuNPs) were fabricated from 
Bacillus subtilis AM18

BCuNPs concentrations (ppm) Eggs hatching % of M. incognita at different time intervals (h)

12 24 48 72 96

Negative control (distilled water) 10.20a 43.40a 66.10a 87.00a 100.00a
100 ppm BCuNPs 6.40b 13.00b 33.00b 45.00b 49.00b
125 ppm BCuNPs 6.40b 12.60bc 29.80bc 37.80c 49.80b
150 ppm BCuNPs 5.80bc 10.40cd 26.60cd 32.80d 39.60c
175 ppm BCuNPs 5.20bcd 9.80d 21.40de 29.40d 34.00d
200 ppm BCuNPs 4.60bcd 9.40d 18.00ef 21.00e 24.60e
225 ppm BCuNPs 4.20cd 8.80d 12.40fg 19.00ef 23.00e
250 ppm BCuNPs 3.20d 8.40d 10.60g 15.60f 19.00f
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Tervigo® (abamectin, at the recommended appli-
cation rate (RAR) of 0.1) compared to the nega-
tive control (distilled water) and the positive control 
(Tervigo® alone) (Table 6).

When evaluated against eggs of M. incognita, 
the combined effect of 0.1 RC Tervigo and BCuNPs 
exhibited a considerably superior significant effect 
(P<0.05) against the eggs of M. incognita compared 
to 0.1 RC rate alone (Table 6). In vitro, 250 ppm of 
BCuNPs + Tervigo 0.1 RAR showed maximum 
nematicidal activity against M. incognita eggs after 
96 h of exposure (Table 6), and the percentage of M. 
incognita eggs that hatched decreased significantly 
(P<0.05) with increasing periods of exposure from 
12 to 96 h (Table 6).

The results demonstrated in Tables  5 and 6 
showed that the in vitro larvicidal (Table 5) and ovi-
cidal (Table 6) activity of 250 ppm BCuNPs against 
J2s and eggs of M. incognita enhanced significantly 
(P<0.05) when the nematicide abamectin was 
employed at 0.1 RAR. These findings shed light on 
the synergistic effects that resulted from the combina-
tion of these two agents (Tables 5, 6).

Determination of nematicidal activities of varying 
doses of BCuNPs on M. incognita infecting 
cucumber under greenhouse conditions

Table  7  shows the impact that supplementing with 
various concentrations of BCuNPs had on cucumber 

performance (plant weight), nematode reproductive 
parameters (number of galls, number of egg masses, 
root gall index, and egg mass index of M. incognita), 
and the M. incognita soil population parameter (num-
ber of M. incognita J2s 100 g  soil-1) after 60 days of 
planting cucumber in the presence of M. incognita 
under greenhouse conditions.

Under greenhouse conditions, 100, 150, 200, and 
250 ppm of BCuNPs were significantly (P<0.05) 
more effective than the untreated control treatment 
(nematode treatment only) in reducing the num-
ber of galls, the number of egg masses, the root gall 
index, the egg mass index of M. incognita on infected 
cucumber, and the population density of M. incognita 
J2s 100 g  soil-1 (Table 7). In comparison to the other 
concentrations of BCuNPs (100, 150, and 200), it was 
found that BCuNPs at a concentration of 250 ppm 
was the most successful treatment (Table 7).

In addition, the performance of cucumbers after 
60 days, as measured by plant weight  g-1, was signifi-
cantly (P<0.05) improved by the application of vari-
ous doses of BCuNPs (100, 150, 200, and 250 ppm) 
when the treatment was carried out in the greenhouse 
(Table 7). Table 7 further demonstrates that BCuNPs 
applied at a concentration of 250 ppm significantly 
enhanced the productivity of greenhouse-grown 
cucumber compared to other doses of BCuNPs (100, 
150, and 200 ppm).

It is noteworthy to mention that the number of 
galls, the number of egg masses, the root gall index, 

Table 5  Effect of different concentrations of the biological 
copper nanoparticles (BCuNPs) combined with nematicide 
Tervigo® 020SC (abamectin, at the recommended applica-

tion rate (RAR) used = 0.1) on the number of immotile “dead” 
infective second-stage juveniles (J2s)  of Meloidogyne incog-
nita after 12, 24, 48, 72, and 96 h of application in vitro 

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with the 
same letter in a column are not significantly (P>0.05) different. Biological copper nanoparticles (BCuNPs) were fabricated from 
Bacillus subtilis AM18

Treatments Number of dead infective second-stage juveniles (J2s) of M. incognita
at different time intervals (h)

12 24 48 72 96

Negative control (distilled water) 4.80d 6.80e 9.00e 9.60b 9.90b
(Positive control) Tervigo 0.1 RAR alone 97.40c 140.60d 178.20d 195.40a 200.00a
100 ppm BCuNPs + Tervigo 0.1 RAR 102.80b 157.20c 191.60c 200.00a 200.00a
125 ppm BCuNPs + Tervigo 0.1 RAR 103.40b 161.80c 191.80bc 200.00a 200.00a
150 ppm BCuNPs + Tervigo 0.1 RAR 105.40b 168.40b 195.00abc 200.00a 200.00a
175 ppm BCuNPs + Tervigo 0.1 RAR 105.60b 170.00b 195.40abc 200.00a 200.00a
200 ppm BCuNPs + Tervigo 0.1 RAR 114.40a 170.60b 197.00ab 200.00a 200.00a
250 ppm BCuNPs + Tervigo 0.1 RAR 114.40a 180.20a 197.60a 200.00a 200.00a
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the egg mass index of M. incognita on infected 
cucumber, and the population density of M. incognita 
J2s 100 g  soil-1 were significantly (P<0.05) reduced 
more effectively by applying all four concentrations 
of BCuNPs (100, 150, 200, and 250 ppm) 7 days 
after soil inoculation with M. incognita (Table  7), 
as opposed to applying all four concentrations of 
BCuNPs 3 days after soil inoculation with M. incog-
nita or adding the BCuNPs simultaneously with M. 
incognita (Table 7).

Similarly, BCuNPs (100, 150, 200, and 250 ppm) 
applied 7 days after soil inoculation with M. incog-
nita resulted in greater cucumber growth after 60 
days than BCuNPs added 3 days after soil inoculation 
with M. incognita or adding the BCuNPs simultane-
ously with M. incognita (Table 7).

Effect of different concentrations of BCuNPs on 
the population of PPNs infesting cucumber under 
greenhouse conditions

In addition to M. incognita, three species of PPNs 
associated with cucumber roots were also surveyed in 
the current investigation. These species were Tylen-
chorhynchus spp., Pratylenchus spp., and Helicoty-
lenchus spp. (Table 8).

The natural population of Tylenchorhynchus 
spp., Pratylenchus spp., and Helicotylenchus spp. in 
cucumber infested soil under greenhouse conditions 
was significantly (P<0.05) reduced by 100, 150, 200, 
and 250 ppm of BCuNPs after 60 days of application, 

with 250 ppm being the most toxic compared to the 
untreated control treatment (Table 8). When applied 
under greenhouse circumstances, the RF for Tylen-
chorhynchus spp., Pratylenchus spp., or Helicoty-
lenchus spp. were all significantly (P<0.05) lowered 
by 100, 150, 200, and 250 ppm of BCuNPs, with 
250 ppm being the most harmful compared to the 
untreated control treatment (Table 8).

After 60 days, 100, 150, 200, and 250 ppm of 
BCuNPs significantly (P<0.05) increased the percent-
age reduction of Tylenchorhynchus spp., Pratylenchus 
spp., and Helicotylenchus spp. when applied under 
greenhouse conditions, with 250 ppm being the most 
toxic to the three PPNs compared to the untreated 
control treatment (Table  8). BCuNPs with different 
concentrations with their nematicidal action on PPNs 
other than M. incognita could be employed as a sus-
tainable approach of pest management of nematodes 
attacking cucumber.

Effect of synergistic interactions of BCuNPs and 
some bioagents and a nematicide on cucumber 
performance infected with M. incognita under 
greenhouse conditions

Table  9 shows the effect of different concentrations 
of BCuNPs, composted chicken manure, bioag-
ents (BECTO Grow  Roots®, and  Biozeid®), and the 
nematicide abamectin on cucumber growth (root and 
shoot fresh weight, and number of leaves), and M. 
incognita parameters (number of galls, number of egg 

Table 6  Effect of different concentrations of the biological 
copper nanoparticles (BCuNPs) combined with nematicide 
Tervigo® 020SC (abamectin, and the recommended applica-

tion rate (RAR) used = 0.1) on the percentage of eggs hatch-
ing of Meloidogyne incognita after 12, 24, 48, 72, and 96 h of 
application in vitro 

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with the 
same letter in a column are not significantly (P>0.05) different. Biological copper nanoparticles (BCuNPs) were fabricated from 
Bacillus subtilis AM18

Treatments Eggs hatching % of M. incognita at different time intervals (h)

12 24 48 72 96

Negative control DW (distilled water) 20.40a 43.41a 66.1a 87.00a 100.00a
(Positive control) Tervigo 0.1 RAR alone 23.60b 25.80a 30.80b 37.00b 45.40b
100 ppm BCuNPs + Tervigo 0.1 RAR 4.80c 9.80b 16.00c 17.00c 19.00c
125 ppm BCuNPs + Tervigo 0.1 RAR 3.80cd 7.80c 12.60d 12.60d 16.40d
150 ppm BCuNPs + Tervigo 0.1 RAR 3.40d 8.00c 11.40de 11.40e 16.40d
175 ppm BCuNPs + Tervigo 0.1 RAR 3.00de 6.00d 10.60e 10.60e 12.60e
200 ppm BCuNPs + Tervigo 0.1 RAR 2.60def 4.20e 8.20f 8.20f 11.40ef
250 ppm BCuNPs + Tervigo 0.1 RAR 1.80efg 3.00ef 5.00g 5.00g 10.60ef
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masses, and the number of J2s 100 g  soil-1) associated 
with cucumber plants infected with M. incognita after 
60 days of application under greenhouse conditions.

The obtained results from Table (9) revealed that 
the individual application of 250 ppm of BCuNPs 
(treatment 1), 200 ppm of BCuNPs (treatment 2), 

Table 7  The effect of different concentrations of biologi-
cal copper nanoparticles (BCuNPs) on Meloidogyne incog-
nita reproductive parameters (number of galls, number of 
egg masses, root gall index, egg mass index), soil population 

parameter (number of infective second-stage juveniles (J2s) of 
M. incognita 100 g  soil-1), and cucumber (Cucumis sativus L.) 
cultivar Chief SC 4145, weight after 60 days in the greenhouse

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with the 
same letter in a column are not significantly (P>0.05) different. Biological copper nanoparticles (BCuNPs) were fabricated from 
Bacillus subtilis AM18. Root gall index (RGI) and egg mass index (EI). 0: no galls or egg masses, 1: 1-2 galls or egg masses, 2: 3-10 
galls or egg masses, 3: 11-30 galls or egg masses, 4: 31-100 galls or egg masses, and 5: more than 100 galls or egg masses, accord-
ing to the scale given by Taylor & Sasser (1978). *Values in parentheses indicate the percentage (%) of reduction in the number of 
M. incognita  J2s 100 g  soil-1. **Values in parentheses indicate the percentage of increase (%) in plant weight. In (i), inoculum of M. 
incognita and BCuNPs were added at the same time, (ii), CuNPs were added after 3 days from adding the inoculum of M. incognita, 
and (iii) CuNPs were added after 7 days from adding the inoculum of M. incognita. All Data were recorded after 60 days from sow-
ing cucumber seeds. Negative control plants contained neither nematodes nor BCuNPs

Treatments Nematode reproductive parameters on cucumber Soil population parameter Cucumber growth

Number of galls Number of 
egg masses

Root gall index Egg mass index Number of  J2s 100 g  soil-1 Plant weight (g)

Positive control 
nematode alone

130.60a 125.20a 5.00a 5.00a 108.20a 11.28e

(i) BCuNPs were added at the same time with nematode inoculation
250 ppm BCuNPs 77.20d 34.60de 3.00b 3.00b 46.20f 13.78bc

*(57.30) **(22.16)
200 ppm BCuNPs 106.00bc 89.60c 3.20b 3.00b 69.60cde 12.48d

*(35.67) **(10.63)
150 ppm BCuNPs 113.40bc 100.80bc 4.80a 3.00b 76.00cd 11.32e

*(29.75) **(0.35)
100 ppm BCuNPs 123.80b 115.80b 5.00a 3.00b 88.00b 11.36e

*(18.66) **(0.70)
ii) BCuNPs were added after 3 days from nematode inoculation
250 ppm BCuNPs 17.60h 12.00ef 3.00b 2.60c 36.20fg 15.26a

*(66.54) **(35.28)
200 ppm BCuNPs 23.20efg 12.80ef 3.20b 2.80bc 58.40e 13.68bc

*(46.02) **(21.27)
150 ppm BCuNPs 26.20ef 12.20ef 3.80a 2.80bc 66.60de 12.22d

*(38.44) **(8.33)
100 ppm BCuNPs 28.00e 15.60e 4.00a 3.00b 78.20bc 12.14d

*(27.77) **(7.62)
(iii) BCuNPs were added after 7 days from nematode inoculation
250 ppm BCuNPs 12.00i 9.40i 2.20c 2.00d 20.40h 15.60a

*(81.14) **(38.29)
200 ppm BCuNPs 20.0gh 11.60gh 2.80b 2.80c 32.20g 14.14b

*(70.24) **(25.35)
150 ppm BCuNPs 21.80fg 11.20gh 3.00b 3.00b 46.60f 13.34c

*(56.93) **(18.26)
100 ppm BCuNPs 24.20ef 13.40gh 3.00b 3.00b 45.00f 12.30d

*(58.41) **(9.04)
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150 ppm of BCuNPs (treatment 3), and 100 ppm of 
BCuNPs (treatment 4) in soils artificially infested with 
M. incognita significantly (P<0.05) reduced the num-
ber of galls, number of egg masses of M. incognita 
on infected cucumber, the population density of M. 
incognita J2s 100 g  soil-1, and significantly (P<0.05) 
improved the growth performance of cucumber (root 
and shoot fresh weight, and number of leaves) when 
applied under greenhouse conditions, with 250 ppm 
being the most effective treatment compared to the 
untreated control treatment which included only the 
presence of M. incognita without any curative or pre-
ventive treatment (no BCuNPs) (Table 9).

The percentage reduction of number of galls, 
number of egg masses of M. incognita on infected 
cucumber, the population density of M. incognita J2s 
100 g  soil-1 was found to be significantly (P<0.05) 
enhanced in treatment 1 with the BCuNPs at 250 ppm 
compared to other treatments and to the untreated 
control with only M. incognita (Table 9). In addition, 
the application of BCuNPs at 250 ppm (treatment 1) 
resulted in a significant (P<0.05) greatest percentage 

increase in root and shoot fresh weight, as well as the 
number of leaves, compared to the other treatments 
and to the untreated control with only M. incognita 
(Table 9).

The application of the nematicide Tervigo® 
(abamectin, at RAR = 0.1) (treatment 8), and the appli-
cation of nematicide Tervigo® (abamectin, at RAR = 
0.1) + 250 ppm BCuNPs (treatment 12) in soils artifi-
cially infested with M. incognita significantly (P<0.05) 
reduced the number of galls, number of egg masses of 
M. incognita on infected cucumber, the population den-
sity of M. incognita J2s 100 g  soil-1, and significantly 
(P<0.05) improved the growth performance of cucum-
ber (root and shoot fresh weight, and number of leaves) 
when applied under greenhouse conditions, compared 
to the untreated control treatment which included only 
the presence of M. incognita without any curative or 
preventive treatment (no BCuNPs) (Table 9).

When comparing treatments 8 (nematicide alone) 
and 12 (nematicide + 250 ppm BCuNPs), it was 
interesting to note that treatment 12 had a more effec-
tive and significant (P<0.05) growth promoting effect 

Table 8  The effect of different concentrations of biological 
copper nanoparticles (BCuNPs) on the population of plant par-
asitic nematodes (PPNs) Helicotylenchus spp., Tylenchorhyn-

chus spp., and Pratylenchus spp. associated with the cucumber 
(Cucumis sativus L.) cultivar Chief (SC 4145) after 60 days 
from sowing cucumber seeds under greenhouse conditions

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with 
the same letter in a column for every nematode specie are not significantly (P>0.05) different. Biological copper nanoparticles 
(BCuNPs) were fabricated from Bacillus subtilis AM18

Nematode species BCuNPs concentrations Initial popu-
lation (Pi)

Final popu-
lation (Pf)

Reproduction fac-
tor (RF)=Pf/Pi

Reduction in 
number of PPNs 
(%)

Helicotylenchus spp. 250ppm BCuNPs 92.40e 1.13 40.69
. 200 ppm BCuNPs 109.80d 1.35 29.52

150ppm BCuNPs 126.60c 1.55 18.74
100 ppm BCuNPs 139.20b 1.71 10.61
Positive control (untreated plants) 81.2 155.80a 1.91 -

Tylenchorhynchus spp. 250ppm BCuNPs 90.40e 1.26 45.96
200 ppm BCuNPs 104.60d 1.46 37.47
150ppm BCuNPs 118.80c 1.66 28.98
100 ppm BCuNPs 134.40b 1.88 19.66
Positive control (untreated plants) 71.4 167.30a 2.34 -

Pratylenchus spp. 250ppm BCuNPs 88.20e 1.48 47.53
200 ppm BCuNPs 105.00d 1.77 37.53
150ppm BCuNPs 121.60c 2.05 27.66
100 ppm BCuNPs 148.80b 2.51 11.48
Positive control (untreated plants) 59.2 168.10a 2.83 -
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on cucumber  performance and a more efficient and 
significant (P<0.05) inhibitory effect on M. incognita 
parameters in soils. When the nematicide was com-
bined with BCuNPs at a concentration of 250 ppm 

(treatment 12), a synergistic effect was observed. 
Treatment 12 was found to be the most effective treat-
ment in the current study and showed the highest sig-
nificant (P<0.05) increase in the percentage of root 

Table 9  The effect of the application of biological copper 
nanoparticles (BCuNPs) individually and in combination with 
composted chicken manure, biological products  (Biozeid®, 
BECTO Grow  Roots®), and the nematicide Tervogo on cucum-

ber, (Cucumis sativus L.) cultivar Chief (SC 4145) infected 
with Meloidogyne incognita after 60 days from planting 
cucumber seeds under greenhouse conditions

Data were from five independent replicates. According to Fisher’s protected least significant difference (LSD) test, values with the 
same letter in a column are not significantly (P>0.05) different. Biological copper nanoparticles (BCuNPs) were fabricated from 
Bacillus subtilis AM18. *Values in parentheses indicate the percentage of increase (%) in fresh root and shoot weight, and the 
number of leaves. **Values in parentheses indicate the percentage (%) of reduction in the number galls, number of egg masses, 
and the number of M. incognita  J2s 100 g  soil-1. T1, M.incognita + 250 ppm BCuNPs; T2, M.incognita + 200 ppm BCuNPs; T3, 
M.incognita + 150 ppm BCuNPs; T4, M.incognita + 100 ppm BCuNPs; T5, M.incognita + chicken manure; T6, M.incognita + 
 Biozeid®; T7, M.incognita + BECTO Grow  Roots®; T8, M.incognita + nematicide Tervigo® (abamectin, at the recommended 
application rate (RAR) of 0.1), T9, M.incognita + chicken manure + 250 ppm BCuNPs; T10, M.incognita +  Biozeid® + 250 ppm 
BCuNPs; T11, M.incognita + BECTO Grow Roots® + 250 ppm BCuNPs; and T12, M.incognita + nematicide Tervigo® (abamec-
tin, at the recommended application rate (RAR) of 0.1) + 250 ppm BCuNPs

Cucumber plant growth M. incognita parameters

Treatments Fresh root 
weight (g)

Fresh shoot 
weight (g)

Number of leaves Number of galls Number of egg masses Number of 
 J2s 100 g 
 soil-1

Healthy plants 16.51a 18.52a 18.91a 0.00i 0.00h 0.00i
M. incognita 

infected plants
9.35f 10.12h 8.24h 130.60a 125.20a 349.40a

T1 13.79d 16.83d 14.47de 77.20e 34.60ef 180.20d
*(47.48) *(66.30) *(75.61) **(40.888) **(72.364) **(48.425)

T2 13.53de 15.20e 14.11de 106.00bc 89.60bc 213.20c
*(44.70) *(50.19) *(71.23) **(18.836) **(28.434) **(38.981)

T3 13.17e 13.89f 13.59ef 113.40b 100.80ab 253.20b
*(40.85) *(37.25) *(64.92) **(13.169) **(19.488) **(27.532)

T4 13.02e 12.83g 12.70fg 113.60b 115.80ab 255.80b
*(39.25) *(26.77) *(54.12) **(13.016) **(7.507) **(26.788)

T5 14.69c 16.47d 12.46fg 84.20de 42.40de 147.40e
*(57.11) *(62.74) *(51.21) **(35.528) **(66.134) **(57.813)

T6 13.07e 15.44e 12.89fg 109.00bc 109.40ab 244.80b
*(39.78) *(52.56) *(56.43) **(16.539) **(12.619) **(29.937)

T7 15.71ab 17.81c 15.01cd 55.80f 66.60cd 117.20f
*(68.02) *(75.98) *(82.16) **(57.274) **(46.805) **(66.456)

T8 15.16c 17.61c 15.25cd 30.00g 31.40ef 15.00g
*(62.13) *(74.01) *(85.07) **(77.029) **(74.920) **(95.706)

T9 15.06c 16.60d 15.15cd 31.00g 32.40ef 15.60g
*(61.06) *(64.03) *(83.85) **(76.263) **(74.121) **(95.535)

T10 13.94d 15.03e 14.18de 95.00cd 98.40ab 244.80b
*(49.09) *(48.51) *(72.08) **(27.258) **(21.405) **(29.93)

T11 15.91ab 17.52c 16.13b 28.00g 31.00ef 13.20g
*(70.16) *(73.12) *(95.75) **(78.560) **(75.23) **(96.22)

T12 16.21a 18.29b 16.22b 11.31h 8.00g 6.31h
*(73.36) *(80.73) *(96.84) **(91.34) **(93.610) **(98.19)
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and shoot fresh weight, and number of leaves, and 
showed the highest significant (P<0.05) decrease in 
the percentage of number of galls, number of egg 
masses of M. incognita on infected cucumber, the 
population density of M. incognita J2s 100 g  soil-1, 
compared to untreated control with only M. incognita 
(Table 9).

The application of all the other tested treatments 
which included the addition of composted chicken 
manure (treatment 5),  Biozeid® (treatment 6), 
BECTO Grow  Roots® (treatment 7), or composted 
chicken manure + 250 ppm BCuNPs (treatment 
9),  Biozeid® + 250 ppm BCuNPs (treatment 10), 
BECTO Grow  Roots® + 250 ppm BCuNPs (treat-
ment 11), all significantly (P<0.05) reduced the num-
ber of galls, number of egg masses of M. incognita 
on infected cucumber, the population density of M. 
incognita J2s 100 g  soil-1, and significantly (P<0.05) 
improved the growth performance of cucumber when 
applied under greenhouse conditions, compared to 
the untreated control treatment which included only 
the presence of M. incognita without any curative or 
preventive treatment (no BCuNPs) (Table 9). Table 9 
also shows that the synergistic effect when BCuNPs 
were incorporated was most apparent in all the com-
bined treatment, which comprised the integration of 
250 ppm BCuNPs.

Discussion

It is estimated that root-knot nematodes (Meloidogyne 
spp.), one of the most economically destructive gen-
era of PPNs, cause a loss of US$100 billion world-
wide every year in horticulture and field crops (Oka 
et al., 2000; Zhang et al., 2022; Kassam et al., 2023).

Root-knot nematodes were managed through a com-
bination of strategies implemented in affected areas 
(Elmer & White, 2016; Yeon et al., 2019; Shang et al., 
2020). Chemical nematicides have long been the back-
bone of the conventional approach to nematode man-
agement. There is an urgent need for safe and more 
effective alternatives to chemical nematicides due to 
their potential detrimental influence on the environ-
ment and ineffectiveness after continuous usage (Zuk-
erman & Esnard, 1994; Kassam et al., 2023).

Nanotechnology has become an advanced pest 
management approach, primarily for PPNs, due 

to novel characteristics such as their extraordinary 
strength, greater chemical reactivity, and nanoparti-
cles with high electrical conductivity (Wallyn et  al., 
2019; El-Saadony et  al., 2020; El-Saadony et  al., 
2022). In the current investigation, BCuNPs were 
biosynthesized by the bacterium isolate # AM18. 
Morphological, physiological and biochemical tests 
revealed that AM18 may be categorized as a Bacillus 
subspecies.

MALDI-TOF MS was used to validate the iden-
tity, and the chosen bacterium was determined to be 
99% identical to B. subtilis subsp. subtilis. Our results 
agreed with previous studies in which MALDI-TOF 
MS can be used to identify bacteria. It is well known 
that MALDI-TOF MS technique is utilized for the 
purpose of identifying bacterial isolates on the genus, 
species, and subspecies levels. This method is quick, 
accurate, and dependable (Schumaker et  al., 2012; 
Sauget et al., 2017; Jadhav et al., 2021). Our findings 
also agreed with those of Kuppamuthu et al. (2017), 
who isolated and identified distinct isolates from 
whey for lipase synthesis using MALDI-TOF MS 
technique.

This strain B. subtilis subsp. subtilis AM18 
obtained in the current study was discovered to be 
 CuSO4 tolerant up to 12 mM and to reduce copper 
by synthesizing BCuNPs. The current investigation is 
consistent with the findings of John et al. (2021), who 
isolated new isolates from the Antarctic consortium 
and examined their Cu-tolerance at 10 doses (0-5 mM) 
and they reported that all bacteria tolerated  CuSO4 up 
to 3.5-4 mM (John et al., 2021). They also discovered 
that increasing the concentration to 4 mM inhibited 
bacterial growth, particularly in Pseudomonas ef1 and 
Bacillus ef1 isolates (John et al., 2021). Our isolate, B. 
subtilis subsp. subtilis AM18, on the other hand, was 
able to survive  CuSO4 doses up to 12 mM, making it a 
superior  CuSO4-tolerant bacterium.

Bacteria, molds, and yeasts play an important role 
in the production of metal and metal oxide nanoparti-
cles. Several recent studies have used several micro-
organisms as models in the manufacturing of nano-
particles (El-Saadony et  al., 2020; El-Ashry et  al., 
2022). To maximize nanoparticle yield, optimal con-
ditions for nanoparticle production must be addressed 
(El-Saadony et al., 2021) and the optimal cultivation 
conditions needed to maximize nanoparticles produc-
tion have been the subject of multiple investigations 
(El-Saadony et al., 2021; El-Saadony et al., 2022).
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Different factors were investigated and tested in 
the present study to determine the optimal conditions 
to produce BCuNPs. These factors included reaction 
time, temperature, pH,  CuSO4 concentration, aliquots 
of bacterial supernatant, cultivation medium, growth 
conditions under static versus shaken conditions, and 
agitation speed. Our optimization factors were found 
to be in agreement with the findings of Kathiresan 
et  al. (2009), Jain et  al. (2013), El-Saadony et  al. 
(2020), El-Saadony et  al. (2021), El-Ashry et  al. 
(2022), and Singh et  al. (2023) who used the same 
optimization conditions in order to maximize the pro-
duction of their biological nanoparticles.

In addition, the characterization of biological nan-
oparticles is an essential stage in the process of ensur-
ing the biotransformation of the nanoparticles (El-
Saadony et  al., 2021). In the current study we used 
UV visible spectroscopy, FTIR, DLS, Zeta potential, 
TEM to characterize BCuNPs. As assessed by TEM 
and DLS, BCuNPs ranged in size from 15 to 45 nm, 
with an average particle size of 23 nm. However, 
Singh et  al. (2023) found that biogenic CuNPs  gen-
erated by Serratia sp. ZTB29 had diameters rang-
ing from 20 to 40 nm. The zeta potential of biogenic 
CuNPs produced by Serratia sp. ZTB29 was also 
determined to be 15.4 mV, with UV absorbance at 
285 nm (Singh et al., 2023).

To confirm the nematicidal activity of the pro-
duced BCuNPs on J2s and eggs of M. incognita, the 
causal agent of cucumber root knot disease, both in 
vitro and in vivo investigations were carried out. After 
96 h of in vitro exposure, BCuNPs at concentrations 
of 100, 125, 150, 175, 200, 225, and 250 ppm sig-
nificantly (P<0.05) increased the number of dead 
J2s of M. incognita compared to the negative control 
and significantly (P<0.05) decreased the percentage 
of egg hatching of M. incognita compared to 12, 24, 
48, 72, and 96 h of application. The results that were 
obtained from the BCuNPs showed that the mortal-
ity of M. incognita J2 gradually rose as the concen-
trations of BCuNPs increased. On the other hand, 
Al Banna et al. (2018) found that 50 nm 21.5 silicon 
carbide nanoparticles (at a concentration of 172 mg 
 L-1) had no cytotoxic effect on J2 or egg hatching of 
M. incognita. Similarly, Ardakani (2013) found that 
silica oxide nanoparticles  (SiO2NPs) did not kill M. 
incognita J2 in laboratory trials.

On the other hand, several studies have shown that 
a number of distinct nanoparticles have a beneficial 

effect against M. incognita. For instance, inactive 
J2 of M. incognita was produced by silver nanopar-
ticles at concentrations ranging from 30 to 150 g 
 mL-1 (Cromwell et  al. 2014). The larvicidal activity 
of a high concentration of silver nanoparticles (1500 
ppm) attained 96.5% mortality after 72 h, as demon-
strated by Taha and Abo-Shady (2016). These incon-
sistent results may be attributed to nanoparticle tox-
icity depending on the physicochemical properties 
(Pourchez et al. 2012) and the origin of the nanopar-
ticles, whether chemical or biological synthesis (El-
Saadony et al. 2020).

Furthermore, the agglomeration of chemically 
generated nanoparticles may be involved in the nano-
particles’ lack of deadly efficacy (Gudikandula & 
Charya Maringanti, 2016). CuNPs have transgenera-
tional consequences in animals, according to in vitro 
testing (Poma et  al., 2014), and epigenetic altera-
tions are impacted by nanoparticle exposure, result-
ing in reproductive abnormalities in later genera-
tions (Poma et al., 2014). Wei et al. (2020) reported 
that exposure to BCuNPs (150 mg  L-1) significantly 
decreased the mRNA levels of met-2 and spr-5 genes 
in Caenorhabditis elegans P0 and F1 generations 
compared to the control group, and that high concen-
trations (250 ppm) of BCuNPs had a negative effect 
on reproduction and population density of M. incog-
nita in treated pot soils (Wei et  al., 2020). Similar 
findings have been reported regarding the nemati-
cidal action of BCuNPs against J2 of M. incognita at 
various BCuNPs doses compared to the non-treated 
control (Al Banna et al., 2020). According to our cur-
rent findings, BCuNPs may give alternative solutions 
for controlling M. incognita due to their nematicidal 
action.

The in vitro nematicidal  properties of BCuNPs 
in the present study are consistent with the findings 
of Ch et al. (2019), and Ahamad & Siddiqui (2021). 
Furthermore, when CuNPs were combined with other 
materials, such as Fe oxides and chlorides, a syner-
gistic effect was seen (Wang et al., 2020). In a study 
comparing the toxicity of CuONPs to that of other 
silver nanoparticles, it was shown that after three 
days of treatment, 200 ppm of silver nanoparticles 
caused 52% death of J2 (Shoaib et  al., 2022), but 
CuNPs caused 98.50% after two days and 100% in the 
current study. While DNA damage is a possible cause 
of the toxicity of CuNPs, even a moderate effect of 
nanoparticles is dependent on its ability to disrupt a 
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wide variety of cellular mechanisms, including ATP 
synthesis, membrane permeability, and the response 
to oxidative stresses in prokaryotes (Elkobrosy et al., 
2023) and eukaryotes (Mohamed et al., 2019).

The toxicity of CuNPs  against M. incognita has 
been reported in a number of studies, as has the toxic-
ity of CuNPs to several species of bacteria and yeast 
(Smaoui et  al., 2023), annelids (Velicogna et  al., 
2021), and human cells (Smaoui et  al., 2023). This 
depends on a number of aspects, including aggrega-
tion (Fernando & Zhou, 2019), particle size (Zhang 
et  al., 2019), solubility (Corsi et  al., 2022), and the 
presence of organic material in the test medium 
(Zhang et al., 2019).

 CuNPs aggregates have the potential to persist in a 
nanostructured state, making them more highly reac-
tive than CuNPs alone. This increases the likelihood 
that they will have a detrimental effect on fish (Gupta 
et  al., 2022). Other research has concluded that the 
CuNPs component itself may work to block essential 
cellular activities (Gupta et al., 2022).

 CuNPs  have the potential to disrupt many cel-
lular processes, including membrane permeability, 
ATP production, and the oxidative stress response, 
which can have a nematode-toxic effect on M. incog-
nita (Ma et al., 2009). This can occur via a number of 
different mechanisms. If it is anticipated that J2 will 
die, nanoparticles can affect the cellular architecture 
of nematodes (Ma et  al., 2009). Heavy metals were 
found to be harmful to C. elegans by compromising 
the integrity of cell membranes and changing the 
cations connected to proteins, according to Ma et al. 
(2009). Because of condensed cellular energy, copper 
ion and other metals affect neuron function by modi-
fying mitochondrial activity, raising stress through 
the formation of reactive oxygen species (ROS), and 
activating cell death pathways such as apoptosis and 
necrosis (Chen et al., 2013). Our results showed that 
biosynthesized BCuNPs have the potential for direct 
or indirect usage in the fight against root-knot nema-
todes, which result in decreased crop yields.

Our research showed that after 96 h of in vitro 
application, the combination of BCuNPs at 250 ppm 
and Tervigo® at a RAR of 0.1 significantly (P<0.05) 
increased the number of dead (J2s) and significantly 
(P<0.05) decreased the percentage of egg hatch-
ing of M. incognita compared to the negative con-
trol, the positive control (Tervigo® alone), and the 

BCuNPs alone. Our findings agreed with those of pre-
vious similar studies by Hassan et al. (2016), Rastogi 
et  al. (2019), and El-Ashry et  al. (2022). The results 
obtained by El-Ashry et al. (2022) showed that com-
bining silicon nanoparticles with half-recommended 
doses (0.5) of commercial nematicides, specifically 
fenamiphos, nemathorin, and fosthiazate, increased 
egg hatching inhibition and J2 mortality of M. incog-
nita after exposure to silicon nanoparticles (100 ppm) 
mixed with 0.5 recommended doses of synthetic 
nematicides. According to Rai and Ingle (2012), the 
biosynthesized BCuNPs could improve the efficacy of 
synthetic nematicides and facilitate their distribution. 
When silver nanoparticles were coupled with the com-
mercial nematicides fenamiphos and oxamyl, a similar 
inhibitory action was found (Hassan et  al., 2016). In 
addition, the effectiveness and durability of pesticide 
active components may be improved by using nano-
pesticides, as suggested by Zhai et al. (2020).

Under greenhouse conditions in the present 
investigation, the number of galls, number of egg 
masses, root gall index, egg mass index of M. 
incognita on infected cucumber, and population 
density of M. incognita J2s 100 g  soil-1 as well as 
the population of Tylenchorhynchus spp., Pratylen-
chus spp., and Helicotylenchus spp. in soil, were all 
significantly (P<0.05) reduced by 100, 150, 200, 
and 250 ppm of BCuNPs, with 250 ppm being the 
most inhibitory compared to the untreated of M. 
incognita treatment. In addition, we also found that 
the effectiveness of the combination of BCuNPs and 
the nematicide on the reduction of root infection 
parameters (such as the number of galls, the number 
of egg masses, the root gall index, and the egg mass 
index of M. incognita) and soil infection parameters 
(such as the J2s population per 100 g of  soil-1) was 
synergistically improved.

Cromwell et  al. (2014) and Hassan et  al. (2016) 
reported similar findings in which silver nanoparti-
cles reduced root galling and J2 population in infected 
soil. Hassan et al. (2016) revealed that the combina-
tion of fenamiphos and silver nanoparticles resulted 
in a significant boost in tomato seedling develop-
ment parameters due to a reduction in J2 popula-
tion and reproduction factor. Shekoohi et  al. (2021) 
also observed that the combination usage of silicon 
nanoparticles concentrations increased the efficacy 
of the nematicide and decreased root infection by 
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M. incognita, as well as M. incognita reproduction 
in field tests. Our findings suggest that combining 
BCuNPs with 0.1 RAR of nematicide better reduced 
nematode reproduction, gall formation, egg masses 
on roots, and the final population of J2 in the soil, and 
as a result, the plant growth parameters are improved 
by lowering the M. incognita population.

It is worth noting that applying all four concentra-
tions of BCuNPs (100, 150, 200, and 250 ppm) 7 
days after soil inoculation with M. incognita reduced 
the number of galls, the number of egg masses, the 
root gall index, the egg mass index of M. incognita on 
infected cucumber, and the population density of M. 
incognita J2s 100 g  soil-1 significantly (P<0.05) more 
effectively than applying all four concentrations of 
BCuNPs 3 days after soil inoculation with M. incognita 
or adding the BCuNPs concurrently with M. incog-
nita. Our results also agreed with previous studies in 
which Eloh et al. (2016) found an EC50 value of 48.6 
g  mL-1 for  CuSO4 against M. incognita. In addition, 
Yeon et  al. (2019) showed that  CuSO4 reduced root 
knot nematode disease in tomatoes in a pot experiment, 
repressed gall formation on melon, and lowered nem-
atode population density in the soil. Ch et  al. (2019) 
also reported that CuFeNPs increased fresh shoot and 
root weight in tomato plants while decreasing the root-
knot nematode Meloidogyne spp. In addition to this, it 
is essential to have a solid understanding of the time-
resolved interactions that take place between the stud-
ied materials, rhizosphere bacterial communities, and 
nano-pesticides as suggested by Zhang et al. (2020).

Conclusion

The BCuNPs fabricated from B. subtilis subsp. subti-
lis AM18 in the current study demonstrated significant 
anti-PPNs activity against M. incognita, Tylencho-
rhynchus spp., Pratylenchus spp., and Helicotylenchus 
spp. infecting cucumber under in vitro and in vivo 
conditions. BCuNPs have shown protective properties 
that imply they may represent a novel way in prevent-
ing the spread of diseases caused by PPNs and, at the 
same time, can increase crop yields. To maintain or 
boost crop output while reducing negative environ-
mental impacts, one viable strategy is to optimize the 
delivery efficiency of BCuNPs with typical pesticide 

application rates. This can be accomplished by mak-
ing the appropriate amendments to nanoparticle con-
centrations and the timing of treatments. Understand-
ing the methods by which BCuNPs protect their host 
plants against PPNs is a crucial step toward creating 
effective nanotechnology-enabled disease manage-
ment plans for sustainable farming. By combining 
the low application rate of traditional pesticides with 
nano-pesticides, the efficacy and effectiveness of 
pesticide active components can be increased, mak-
ing BCuNPs as bio-pesticides potentially revolution-
ary for diseases caused by PPNs. However, intensive 
treatment may change the community of PPNs with 
other beneficial rhizosphere organisms due to the 
lack of clarity surrounding the method of action and 
interaction with other soil species. This study found 
that BCuNPs are effective nematicides that can be 
employed alone or to boost the efficiency and ease of 
delivery of commercial nematicides. However, addi-
tional research is required to validate these findings, 
as well as additional research to understand the unique 
mode of action of BCuNPs against M. incognita.
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