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The root knot nematodes Meloidogyne incognita are the most serious threats affecting eggplant, 
Solanum melongena L. Chemical nematicides are commonly used against plant-parasitic nematodes, 
but due to their negative impact on health and the environment, safe and environmentally 
friendly alternatives have become increasingly important. Biological control using rhizospheric 
bacteria metabolites, and plant substances have, emerged as important alternatives to the use 
of agrochemicals. Recently, nanotechnology has revolutionized nematode management and its 
effectiveness in biological control. The aim of this study is to evaluate the efficiency of Bacillus 
cereus Nem 212 supernatant and garlic essential oil in their regular and nanoscale forms against M. 
incognita infecting eggplants CV. Baladi and investigate their impact on plant growth parameters 
under field conditions.  All nano formulations produced higher nematicidal activities compared to 
their respective original extracts. Garlic oil nano emulsion and garlic oil emulsion were more effective 
as natural nematicides on M. incognita, and in enhancing eggplant growth parameters, followed by 
bio- silver nanoparticles synthesized by B. cereus Nem 212 filtrate. These formulations are promising 
and environmentally friendly alternatives for controlling root knot nematode and have the potential to 
reduce reliance on hazardous agrochemicals. In addition, these techniques increase vegetative plant 
growth and yield production.
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Eggplant Solanum melongena L., is one of the most popular vegetable in Egypt, 90% of the eggplant yield is 
produced by five countries: China, India, Iran, Egypt and Turkey1. Eggplant is a warm-season vegetable but 
can grow in Egypt at different seasons2. In each100 gm of eggplant there is1.4 gm protein, 18 mg calcium, and 
24  kcal of food energy3. Eggplant production is affected by the infestation of several pests including plant-
parasitic nematodes (PPN), which are among the most serious threats to vegetable crops, especially the root 
knot nematodes RKN Meloidogyne spp. Meloidogyne incognita is one of the most common Meloidogyne species 
worldwide, affecting crops in warmer climates4. This pest is a serious problem because it can attack many 
different plants and interact with harmful organisms into the soil to cause complex diseases. Additionally, it has 
the ability to suppress the plant immunity or decrease the plant resistance to other pathogens, or weaken plants, 
making them susceptible to mild pathogens. This pathogen causes significant economic losses up to 80%5 by 
altering the plant vascular system, draining essential nutrients from the host and developing the root knot galls. 
The damage caused by these nematodes can result in stunted growth, root deformation, reducing plant resistance 
to other biotic and abiotic stresses related to other problems such as drought, nutrient deficiency as well as 
economic losses for the growers6 Chemical nematicides are commonly used against plant-parasitic nematodes. 
However, due to their negative impact on health and the environment the use of these nematicides has been 
either heavily regulated or completely banned from agriculture7. Nowadays, due to the growing demand for 
safe and healthy food products, environmental friendly alternatives to manage plant parasitic populations have 

1Plant Pathology Department, National Research Centre, El-Behooth St, Dokki, Giza 12622, Egypt. 2Polymers 
and Pigments Department, National Research Centre, El-Behooth St, Dokki, Giza 12622, Egypt. email:  
hoda_ameen@yahoo.co.uk

OPEN

Scientific Reports |        (2025) 15:20220 1| https://doi.org/10.1038/s41598-025-06697-0

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-06697-0&domain=pdf&date_stamp=2025-6-19


become increasingly important. Biological methods of control have emerged as an important environmental 
friendly alternative to the use of agrochemicals and can provide satisfactory control of root-knot nematodes in 
vegetables and other crops. Among numerous organisms that have shown antagonism against RKN, without 
negative effects on users, consumers and the environment are Plant-Growth Promoting Rhizobacteria (PGPR). 
They reduce nematode population when colonize the plant host rhizosphere and promote plant growth8. The 
most studied rhizobacteria are Bacillus spp. The culture filtrate of the rhizospheric bacterium Bacillus cereus 
Nem 212 have been reported to inhibit RKN reproduction, egg hatch, juvenile survival, and promoting plant 
growth by producing different enzymes and toxins9. In addition to the microorganisms, plants are promising 
sources of substances to solve the problems resulting from the extensive use of the synthesized nematicides as 
some of their metabolites can be used directly against nematodes. Among these metabolites essential oils are 
reported to be active against nematodes. Garlic essential oil and its volatile components have repeatedly been 
studied. The antimicrobial properties of garlic extracts have already been investigated and were attributed to the 
organosulfur compound allicin10.

Recently, nanotechnology has revolutionized nematode management and its effectiveness in biological 
control. These materials, which have a size smaller than 100 nanometers, provide better protection against 
pollution. Some of the benefits that have been attributed to biosynthesized nanoparticles (NPs) include their 
ability to enhance plant growth, reduce root galling, and cause mortality of motile stages of nematodes, thus 
by constituting an effective form of biological control11. Silver nanoparicles (Ag-NPs) have demonstrated 
efficiency against many plant pathogens, including nematodes while having less negative impacts on human, 
animals and environment12,13. The nematicidal activities of nanoparticles (NPs) against root-knot nematodes 
have been mentioned in some studies. Cromwell et al.14 found that silver nanoparticles (30–150 µg/mL) caused 
inactive M. incognita j2. Taha and Abo-Shady15 reported that 1500 ppm of (Ag-NPs) achieved 96.5% mortality of 
larvae after 72 h of treatments. In vitro study Nazir et al.16 found that the silver nanoparticles (Ag-NPs) possess 
nematicidal activity against RKN and can act as an alternative to high-risk synthetic nematicides, or inconsistent 
biological control agents without causing any phytotoxicity. Tariq et al.17 reported that biologically synthesized 
AgNPs provide significant nano-enabled features for broad-spectrum agricultural applications, specifically in 
plant pathogen inhibition, because they exert antibacterial, antifungal, and antinematic potential. The antifungal 
and antinematicidal activities of chemically and biologically synthesized silver nanoparticles (chemo-Ag-
NPs and bio-Ag-NPs), as well as an aqueous extract of Moringa oleifera leaves, were evaluated in vitro against 
Macrophomina phaseolina and root knot caused by M. incognita, the results indicated that bio-Ag-NPs exhibited 
greater efficacy than chemo-Ag-NPs under greenhouse conditions, (bio-Ag-NPs) significantly reduced the 
incidence of damping-off and charcoal rot caused by M. phaseolina, as well as decreased the number of M. 
incognita juveniles in the soil, along with a reduction in gall formation and egg mass production, compared to 
untreated control plants18. Mohammad et al.19 evaluated the nematicidal effects of Artemisia annua and Lepidium 
sativum extracts, in both original and nano forms, against M. incognita in tomato under greenhouse conditions. 
The nano-formulations, characterized by smooth, spherical particles (50–100 nm), exhibited greater nematicidal 
activity than the original extracts under laboratory conditions. Nanoparticle formulations of extractives of Urtica 
urens recorded up to 11-folds increase in the nematicidal activity against root-knot nematode M. incognita when 
compared to their corresponding raw extractives20. Hamed et al.21 reported that the biosynthesized Ag/AgCl-
NPs exhibited significant reduction of eggs hatchability at low concentrations (10–20% v/v) as well significant 
increase in larval mortality over the chemical nematicide at concentrations (50–500 ul/L). El-Habashy22 found 
that nanoparticles form of lantana camara, and conyzadio scoridis consistently showed higher effects than 
normal extracts forms. Hamed et al.23 provided a promising technique for green production of (Ag-NPs) extract 
of the heterocytous cyanobacterium Nostoc sp. PCC7524. The study indicated that the nematicidal activity of 
the bacteria on egg hatching, and larval mortality of the root –knot nematode Meloidogyne javanica in vitro 
and under green-house conditions, which suggest their use in biological control of M. javanica. The study also 
highlighted the positive role of cyanobacterium- based (Ag-NPs) in improving some plant growth parameters 
cultivated in nematode-infected soil. Therefore, cyanobacterium- based (Ag-NPs) could be suggested as 
multifunctional nano-nematicide to avoid the harmful effects of the chemical nematicide, and could be used as 
part of an integrated program for controlling some plant diseases. However, employing (Ag-NPs) in the soil is 
controversial due to their impact on biosystem, e.g., changing the soil bacterial diversity24 and protected wheat 
plants from heat stress and improved plant growth and biomass25. Pandey et al.26 and Hojjat27reports that (Ag-
NPs) enhanced seed germination, seedling vigor and increased shoot length, root length, number of leaves and 
other plant growth criteria of different crops. Dietz and Herth28 found a decrease in carbohydrates and protein 
content, while AL-Huqail et al.29 found an increased in accumulation of proline in L. termis L. seedlings.

The aim of this study is to evaluate the efficiency of the rhizospheric bacteria Bacillus cereus Nem 212 and 
garlic essential oil in their regular and nanoscale forms against the root knot nematode Meloidogyne incognita 
infecting eggplant, CV. Baladi and investigate their impact on plant growth parameters under field. (Table 1).

Results
Effects of application frequency of endophytic bacteria and garlic oil emulsion in their regular 
and nano form against nematode Meloidogyne incognita reproductive parameters
Regarding the effects of frequent applications of the bio agents at planting time, and after one month on 
nematode reproductive parameters, the recorded data indicates that the percentage reduction of the nematode 
reproductive parameters increased with increasing frequency of application in the treatments i.e. percent 
reduction is correlated with the frequency of application, as shown in (Table 2; Fig. 1).

Under field conditions the obtained data in (Table  2; Fig.  1) indicates that all tested treatments in both 
normal and nano- forms at concentration of 10 ml/plant resulted in significant variable (p ≤ 0.05) decreases in 
the nematode reproduction on eggplants compared to untreated control.
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At harvest, the treatment T6- b (garlic oil nanoemulsion) provided the highest percentage reduction of 57.2% 
in the final nematode juveniles in the soil compared to the control. Percentage reductions of 68.2%, 80.2%, 80.2% 
and 85.1% were recorded in juveniles/ 5 g. roots, number of galls, and egg masses/5 g roots, and total number of 
eggs/5 g. roots respectively compared to the control.

Followed by the treatment T 5-b (bio-Ag-NPs) that produced the second highest percentage reductions 
compared to the control. Percentage reductions of 56.4%, 58.6%, 77.1%, 72.3%, and 78.5% were reported in the 
nematode juveniles in soil, juveniles/ 5 g. roots, number of galls and egg masses/5 g roots and total number of 
eggs/5 g. roots, respectively compared to the control (Table 2; Fig. 1).

However, the application of T3-a (B. cereus Nem 212 filtrate) showed the lowest percentage reductions of 
22.7%, 32.1%, 15.5%, 14.9% and 22.5% in the nematode juveniles in soil, juveniles/ 5 g. roots, number of galls 
and egg masses/5 g roots and total number of eggs/5 g. roots, respectively, compared to control.

Treatments
*Freq. of
app. Initial pop/ 250 g soil

Final 
pop./**% 
250 g soil 
Red

No. of 
% Red. 
Juveniles / 
5 g root

No. of % 
Red. galls/ 
5 g roots

No of egg 
%Red. 
masses/ 5 g 
roots

Total eggs/ 
%Red 5 g roots

T1 747a 2493 a – 302 a – 484 a – 369 a – 212,913 a –

T2-a 1 760 a 1613 c 26.3 167bc 44.7 136 de 71.9 128 cd 65.3 60672bc 71.5

b 2 726 a 1339 d 46.3 163bc 46.0 133 de 72.5 113 cd 69.3 54240bc 74.0

T3-a 1 750 a 1927 b 22.7 205 b 32.1 419 b 15.5 314 a 14.9 164,850 b 22.5

b 2 758 a 1664 c 33.2 178bc 41.0 316 c 34.7 227 b 38.4 111684bc 47.5

T4-a 1 750 a 1667 c 33.1 169bc 44.0 179 d 63.0 160 c 56.6 48,560 bc 63.1

b 2 747 a 1267de 41.2 125 cd 58.6 154 de 68.2 145 cd 60.7 66,120 cd 68.9

T5-a 1 753 a 1351 d 45.8 157bc 48.0 134 de 72.3 122 cd 66.9 58,316 cd 72.6

b 2 758 a 1085 e 56.4 125 cd 58.6 111ef 77.1 102 cd 72.3 45,696 cd 78.5

T6-a 1 761 a 1431 cd 42.5 132 cd 56.3 161 de 66.7 128 cd 65.3 40320bc 81.0

b 2 762 a 1068 e 57.2 96 d 68.2 96 f 80.2 73 d 80.2 31,536 d 85.1

Table 2.  Effects of endophytic bacteria extracts in both normal and bio-silver nanoparticles, Garlic oil 
emulsion and nanoemulsion on eggplant CV. Baladi infested with Meloidogyne incognita under field 
conditions. Each value represents mean of five replicates. Mean followed by the same letter (s) within a column 
are not significantly (P ≥ 0.05) different according Duncan’s multiple range test. *Freq. of app.: Frequency of 
application: 1- at planting 2- at planting and afterone month. ** % Red: % reduction. 1-T1: Control. T2-a: 
Silver nitrate at planting. T2- b: Silver nitrate at planting and after one month. T3-a : Endophytic bacteria 
Bacillus cereus Nem 212 cell free culture filtrate at planting, T3-b: Endophytic bacteria B. cereus Nem 212 cell 
free culture filtrate at planting and after one month. T4-a: Garlic oil emulsion at planting. T4-b: Garlic oil 
emulsion at planting and after one month. T5-a: bio- silver nanoparticles synthesized by B.cereus Nem 212 at 
planting, T5-b: bio-silver nanoparticles synthesized by B. cereus Nem 212 at planting and after one month. T6-
a: Garlic oil nanoemulsion at planting. T6-b: Garlic oil nanoemulsion at planting and after one month.

 

Treatments 
number

Frequency of 
application

Treatment full name

Application rate
Treatments 
abbreviationA-Normal formulations

T1 control Untreated infected control (negative control

T2- a
b

1
2

Silver nitrate solution at planting
Silver nitrate solution at planting and after one month

10 ml/plant
10 ml/plant AgNO3

T3- a
b

1
2

Endophytic bacteria Bacillus cereus Nem 212 Cell free culture filtrate at planting
Endophytic bacteria Bacillus cereus Nem 212 Cell free culture filtrate at planting and 
after one month

10 ml/plant
10 ml/plant

B.cereus cell 
free filtrate

T4- a
b

1
2

Garlic essential oil emulsion at planting
Garlic essential oil emulsion at planting and after one month

10 ml/plant
10 ml/plant

garlic oil 
emulsion

B- Nanoparticles formulations (Dose, and time of application as normal formulation)

T 5- a
b

1
2

Bio-silver nanoparticles synthesized by Bacillus cereus Nem 212 filtrate at planting
Bio-silver nanoparticles synthesized by Bacillus cereus Nem 212 filtrate at planting and after 
one month

10 ml/plant
10 ml/plant

bio-silver 
nanoparticles
Bio - Ag-NPs

T6- a
b

1
2

Garlic oil nanoemulsion at planting
Garlic oil nanoemulsion at planting and after one month

10 ml/plant
10 ml/plant

garlic oil 
nanoemulsion
GaO- 
nanoemultion 
GaO-NPs

Table 1.  Treatments designed for controlling root-knot nematode Meloidogyne incognita infecting eggplant 
CV. Baladi under field conditions. Frequency of application: 1- at planting time 2- at planting time and after 
one month.
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Moreover, the treatment T4-a (garlic oil emulsion) exhibited percentage reductions of 33.1%, 44.0%, 63.0%, 
56.6%, and 63.1% in the nematode juveniles in soil, juveniles per 5 g. roots, number galls and egg masses/5 g.
roots and total number of eggs/5 g. roots, respectively compared to control.

Finally, the application of T2 -a, b (AgNo3 solution) resulted in percentage reductions by71.9% and 72.5% 
in the number of galls/5 g. roots at planting time and at planting and after one month respectively than the 
untreated control. The percent reduction in total number of eggs/5 g. roots were found to be 71.5 and 74.0% at 
the same time intervals respectively compared to the control.

Effects of endophytic bacteria, bio silver nanoparticles, garlic oil emulsion and garlic oil 
nanoemulsion on eggplant growth parameters
As for the effects of endophytic bacteria B. cereus Nem 212 and garlic oil in their normal and nano forms at 
concentration 10 ml/plant, on eggplant growth parameters, the recorded data (Table 3; Fig. 2) indicates that 
all tested treatments significantly improved eggplant growth parameters with variable degrees compared to the 
control infected untreated plants. The only exception was the application of AgNo3 solution (T2 -a, b) decreased 
fruit weight parameter by -27.0% and − 13.3% compared to the control.

Treated soil with garlic oil nanoemultion (T6-b) resulted in the highest increase of 100%, 200%, 600%, 
107.6% 257.0% in the root length, number of leaves, number of fruits, weight of fruits and number of flowers 
respectively, compared to the control.

The (bio-Ag-NPs) (T5-a, b) increased the length of the plant shoot by 57.9% and 73.7% respectively, while the 
B. cereus Nem 212 filtrate (T3- a, b) increased the same parameter by 10.5% and 26.3% respectively compared 
to the control.

In addition, eggplants infected with M. incognita and treated with (bio-Ag-NPs) (T5-a, b) increased weight 
of the fruits by 21.3% and 27.0% respectively compared to the control. Meanwhile, the B.cereus Nem212 filtrate 
(T3-a, b) showed increasing in fruits weight by 8.4% and 20.0% respectively compared to the control.

Moreover, the same trend was reported for eggplants infected with M.incognita and treated with garlic oil in 
its nano formulation. The garlic oil nanoemulsion treatment (T6-a, b) increased weight of the fruits by 86.6% 
and 107.6% respectively although garlic oil solution T4- a, b) resulted in percentage increases of 62.1% and 
66.3% in the fruits weight respectively compared to the control.

Upon treating soil with either garlic oil nano formulation (T6-b) or (bio-Ag-NPs) (T5- b) results show that 
they both have significantly improved the number of leaves by 200% and 123% respectively. Moreover, they 
both increased the number of fruits by 600% and 387.0% respectively and increased weight of fruits by 107.6% 
and 27.0% respectively. In addition, both emulsions enhanced the number of the flowers per plant by 257% 
and142.8% respectively compared to the control plant.

Effects of different treatments on eggplant yield
All treatments in both normal and nano-forms at concentrations of 10 ml/plant showed a significant increase 
in eggplant yield compared to the untreated control except application of AgNo3 decreased eggplant yield 
compared to control. The application of AgNo3 solution (T2- a, b) decreased eggplant yield by – 31.3% and – 
18.8% respectively compared to control (Table 3; Fig. 2).

Fig. 1.  Effects of endophytic bacteria extracts in both normal and bio-silver nanoparticles, garlic oil emulsion 
and nanoemulsion on eggplant CV. Baladi infested with Meloidogyne incognita under field conditions.
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Treated soil with garlic oil nanoemulsion (T6- a, b) provided the highest percentage increase 96.8% and 
75.0% in yield respectively compared to control, followed by the application of garlic oil emulsion (T4- a, b) the 
percentage increase in yield was 56.3% and 64.4% respectively compared to control. Treated soil with B. cereus 
Nem 212 filtrate (T3-a) exhibited the lowest percentage increase of 3.1%, while the application of (bio-Ag-NPs) 
(T5-b) resulted in 51.8% increase in eggplant yield (Table 3; Fig. 2).

Moreover, the present study emphasized that all nano formulations produced higher nematecidal activities 
compared to their respective original extracts. (Fig. 6).

Fig. 2.  Effects of endophytic bacteria extracts in both normal and bio -silver nanoparticles, garlic oil emulsion 
and nanoemulsion on eggplant growth parameters CV. Baladi infested with Meloidogyne incognita under field 
conditions.

 

*Tre.
**Freq of 
app.

Plant shoot 
height 
(cm)

***% 
Inc.

Root 
height 
(cm)

***% 
Inc.

Plant 
fresh 
weight 
(g)

***%  
Inc.

Plant ***% 
dry Inc 
weight (g)

No. of *** % 
leaves Inc. /
plant

No. of *** % 
fruits/ Inc. 
plant

Fruits **** 
% weight/ 
change. plant 
(g)

No. of ***% 
flowers Inc / 
plant

Yield/ ton/ 
Feddan

*** % 
Inc

T1 19 d – 12 e – 48 e – 12 b – 13 a – 8 d – 750 cd – 7 e – 16 cd –

T2- a
b

1
2

23 cd
25 cd

21.0
31.5

16 cd
14e

33.3
16.0

72 de
89 cd

50.0
85.4

12 b
16 b

–
33.3

19 cd
21 cd

46.1
16.5

16 cd
18 cd

100.0
125.0

547e
650 de

−27.0
−13.3

10 cd
12 cd

42.8
71.4

11.0 e
13.0 de

−31.3
−18.8

T3- a
b

1
2

21 cd
24 cd

10.5
26.3

16 de
18 cd

33.3
50.0

72 de
95 cd

50.0
47.9

12 b
17 b

33.3
41.6

17 ae
22 cd

23.5
69.2

16 cd
29 bc

100.0
175.0

813 cd
900 c

8.4
20.0

9.0 de
13 bc

28.5
85.7

16.5 cd
19.5 c

3.1
22.0

T4-a
b

1
2

32 bc
38 b

68.4
100

22 ab
22 ab

83.3
83.3

154 b
154 b

220.8
220.8

17 b
23 b

41.6
91.6

26 bc
28 bc

100.0
115.3

29 bc
47 a

262.5
487.5

1216 b
1247 b

62.1
66.3

17 b
21 a

142.8
200.0

25.0 b
26.3 b

56.3
64.4

T5- a
b

1
2

30 bc
33 bc

57.9
73.7

19 bc
16 cd

58.3
33.3

91 cd
113 c

89.5
125.4

16 b
16 b

33.0
33.3

25 bc
29 bc

92.1
123.0

21 bc
39 bc

162.5
387.0

910 c
950 c

21.3
27.0

14 bc
17 b

100.0
142.8

20.0 cd
24.3 de

25.0
51.8

T6- a
b

1
2

38 b
54 a

100.0
184.2

25 a
24 ab

108.3
100.0

167 ab
181 a

247.9
277.0

17 b
99 a

41.6
141.6

32 ab
39 a

146.2
200.0

46 a
56 a

475.0
600.0

1400ab
1757 a

86.6
107.6

21 a
25 a

200.0
257.0

28.0 ab
31.5 a

75.0
96.8

Table 3.  Effects of endophytic bacteria extracts in both normal and bio -silver nanoparticles, Garlic oil 
emulsion and nanoemulsion on eggplant growth parameters CV. Baaladi infested with Meloidogyne incognita 
under field conditions. Each value represents mean of five replicates. Mean followed by the same letter(s) 
within a column are not significantly (p ≥ o. o5) different according Duncan’ s multiple range test *Tre.: 
Treatments ** Freq. of app. Frequency of applications:1- at planting 2- at planting and after one month. *** % 
Inc= % increase ****% change: % change of control1-T1: Control. T2-a: Silver nitrate at planting. T2- b: Silver 
nitrate at planting and after one month. T3-a: Endophytic bacteria Bacillus cereus Nem 212 cell free culture 
filtrate at planting, T3-b: Endophytic bacteria B. cereus Nem 212 cell free culture filtrate at planting and after 
one month. T4-a: Garlic oil emulsion at planting. T4-b: Garlic oil emulsion at planting and after one month. 
T5-a: bio- silver nanoparticles synthesized by B.cereus Nem 212 at planting, T5-b: bio-silver nanoparticles 
synthesized by B. cereus Nem 212 at planting and after one month, T6-a: Garlic oil nanoemulsion at planting. 
T6-b: Garlic oil nanoemulsion at planting and after one month.
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Characterization of bio- Ag- NPs and gaonanoemulsion
Figure 3A,B illustrate the particle size distribution of (bio-Ag-NPs) and GaOnanoemulsions, respectively. It can 
be obtained that the average particle diameter observed was 105 ± 20 nm and 122 ± 27 nm for (bio-Ag-NPs) and 
GaOnanoemulsion respectively.

The synthesized nanoparticles’ UV-visible spectra were captured to identify the surface plasmon resonance 
(SPR) band. The position, width, and shape of the SPR band can be used to provide a qualitative sense of the 
size distribution and morphology of the nanoparticles. For example, a broadband signal shows a broad variation 
of particle sizes, while a single narrow SPR band reveals the presence of spherical monodisperse particles. A 
large peak at 453 nm is a typical band for (bio- Ag-NPs) as shown in Fig. 4A. This broad SPR peak indicates the 
presence of irregularly shaped nanoparticles in the solution30,31. Figure 4B represent the UV-Vis spectrum of 
Garlic Oil solution and Garlic Oil nanoemulsion. The garlic oil solution showed a UV-Vis spectrum at 230 nm 
and no interference of wavelengths of nanoemulsion and garlic oil solution32.

The XRD pattern of the as-prepared (bio- Ag- NPs) is shown in Fig. 5. It can be shown from Fig. 5 that the 
peaks of the as-prepared (bio- Ag- NPs) have emerged at 2θ ≈ 38.1°, 46.1°, 67.3°, and 76.4° which assigns to 
(111), (200), (220), and (311) planes, respectively33. This diffraction pattern agrees with the reference (Ag-NPs) 
(JCPDS file no. 84–0713 and 04-0783). The other peaks in the XRD spectrum indicate the presence of a mixture 
of silver and silver oxide nanoparticles. Korkmaz and Karadağ34 illustrated that Ag2O3 and Ag2O NPs as well as 
pure (Ag-NPs) were prepared together via a microwave-assisted green synthesis method35.

Discussion
In recent years, the potential of nanotechnology in plant disease management has become the front and center 
of the biological nematode control literature36.

The present investigation has provided evidence that silver nanoparticles synthesized by Bacillus cereus Nem 
212 cell free culture filtrate resulted in variable significant reductions in the nematode M. incognita reproductive 
parameters, improved the growth parameters and production of eggplant fruits under field conditions. A similar 
observation was reported14,23,37. Nevertheless, AgNo3 showed a comparable inhibitory effect against M. incognita 
under field conditions. It also had the lowest effect on improving eggplant growth parameters compared to 
control infected untreated plants. Jung et al.38 attributed the toxic effect of silver ion on Staphylocoocus aureus and 
Escherichia coli to membrane dysfunction of the bacterial cell which possibly causes death. The increase in percent 
reduction in the nematode reproductive parameters was correlated with the frequency of application. Similar 
patterns of percent reduction of nematode reproductive parameters were observed by frequent application of all 
the treatments with the bio-agents used in this study either in its normal or their nano forms. These results are 
in accordance with8,39 who revealed that Bacillus sp. in its normal form used more than once, or in combination, 

Fig. 3.  (A) Particle size distribution of bio- Ag-NPs. (B) Particle size distribution of GaOnanoemulsions.
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were more effective than those used once in reducing M. incognita reproductive parameters. Application of bio 
silver nanoparticles enhanced the activity up to 4 times against the number of galls and egg masses of M. incognita 
respectively. Abbassy et al.40 showed that increased potency of (Ag-NPs) compared to the reference extractives, 
and the reference nematicide, which highlights the presence of certain secondry metabolites that cause variable 
significant reductions in the nematode reproductive parameters. Bacillus spp. is one of strains which shows 
PGPR activity41. Rhizospheric microorganisms e.g. plant growth promoting rhizobacteria (PGPR) maintain a 
close environment around the root of plants that improve plant growth through various mechanisms like N2 
fixation, solubilization of mineral phosphates, and other essential elements42. They play a key role in natural 
ecosystems and influence plant productivity and inhibition of plant pathogen Osman et al.43 and their ability to 

Fig. 4.   (A) UV-Vis spectrum of bio- Ag-NPs. (B) UV-Vis spectrum of Garlic oil solution and Garlic oil 
nanoemulsion.
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improve plant nutrient up take, produce phytohormones and siderophores, induce systemic resistance44. Xiao 
et al.45 reported that a cell- free filtrate of B. cereus decreased M. javanica second stage juveniles suggesting that 
extracellular nematicidal substances were present in the filtrate. Similarly, Tian9,46,47suggested that it to be due to 
extracellular nematicidal substances and by producing different enzymes and toxins.

The utilization of nanoparticles has proven to be effective in the management of several plant parasitic 
nematodes. Wiesman and Chapagain20,48observed that nanoparticlesof up to 100 nm improved properties and 
activities compared to the original material. This study and based on the present data shows that the average 
particle diameter obtained was 105 ± 20  nm and 122 ± 27  nm for (bio-Ag NPs) and GaO nanoemulsion, 
respectively. This result confirms and is in agreement with the data shown by20,48. According to Ardakani33 the 
silver and titanium oxide nanoparticles exhibited toxicity towards M. incognita in varying concentrations in 
both in vitro and in vivo. Heflish et al.35 stated that the efficiency of (bio- Ag- NPs) using Wilkesiano aqueous 
leaf extract reduced the nematode activity, mortality, egg hatching, and movement of larvae and could be 
recommended to manage the plant parasitic nematode M. incognita as it is simple, stable, cost- effective, and 
keeps the environment safe. Soliman et al.49 assed the power of polysaccharides and polyphenol extracts as 
well as their nano- forms from marine algae (Laurenica papillosa and Dilophys fasicola) for the control of M. 
incognita. They indicated that the tested treatments effectively decreased galls and egg masses of tomato roots 
compared to control in the field. D. fasicola extract and its nano- form showed promising nematocidal activity 
compared to L. papillosa extract. Hassan et al.37 observed degradation in cell wall of M. incognita juveniles 
when they were exposed directly to Ag-NPs in water. Toxicity of Ag-NPs is not species – specific, therefore it 
can be applied to control other plant parasitic nematodes, and plant pathogenic fungi21. Its mode of action is 
associated with disrupting and malfunctioning of several cellular mechanisms, such as membrane permeability, 
ATP synthesis, and physiological response to oxidative stress in both eukaryotic49 and prokaryotic cells50.

The inhibitory effect of the bio formed Ag- NPs was attributed to their physical structure (e.g., size, shape, 
and homogeneity) which, probably played a key role in the cell wall penetration of the nematode eggs, followed 
by cell dysfunction51. Ag- NPs induced oxidative stress and up regulation of sod-3 and daf-12 genes which 
caused the failure of reproduction in Caenorhabditis elegans worms52. Silver nanoparticles are nano material 
being applied as active ingredients of control and their toxicity is due to induction of oxidative stress in the cells 
of targeted nematodes53. Ag-NPs were also found to be effective in improving plant growth. There are reports 
that (Ag-NPs) enhanced seed germination and increased shoot length, number of leaves, and other plant growth 
criteria of different crops26,27,52. The accumulation and uptake of nanoparticles are dependent on the exposure 
concentration27. Yasmeen et al.53 concluded that seeds treatment and incubation time affect the seedling growth.

Based on the data obtained from this investigation, (bio-Ag-NPs) seem to be a good tool for efficient biocontrol 
of M. incognita infecting eggplant, and enhanced plant growth. These results are in harmony with those reported 
by12,25. The bio stimulant effect of either B. cereus or (bio-Ag-NPs) on eggplant growth parameters is possibly due 
to micronutrients and organic compounds such as auxins, giberellins54.

The antimicrobial properties of garlic extract have been investigated in the early 19th century and were 
attributed to the organosulfur compounds found in essential oils such as ajoene, dithiines and diallyl sulphide 
(DADS) diallyl trisulphide (DATS) and allyl methyl trisulphide that are responsible for its nematocidal activity55. 
The mode of action and the potential cellular targets of diallyl polysulfides are attributed to the different reactive 
sulfur species. Nematicidal activity of different garlic compositions have been reported against Meloidogyne 
spp. showing comparable efficacy to synthetic nematicides56. Different garlic-based pesticides are approved, 
registered and sold to control nematodes and other pests with different levels of success. Since Meloidogyne spp. 
are endoparasites, a translatable compound that could affect the nematode inside the root plants is desirable. 
This compound could be found in the essential oils, since it contains several antimicrobial ingredients that work 

Fig. 5.  XRD pattern of bio-Ag-NPs.

 

Scientific Reports |        (2025) 15:20220 8| https://doi.org/10.1038/s41598-025-06697-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


through various mode of action. Nanotechnology is a tool to modify nano–scale material characteristics, to 
improve the properties of essential oils57.

According to the data, the garlic oil nanoemulsion resulted in the highest percentage reduction of 57.2%, 
80.2% and 85.1% in the final nematode juveniles in the soil, number galls/5 g roots and total number of eggs/5 g.
roots respectively, as compared to control infected untreated ones. Positive effects on eggplant growth parameters 
were also recorded. Results show significant percentage increase of 200%, 600%, 107.6% and 257% in number 
of leaves, number and weight of fruits and number of flowers respectively, compared to control. These results 
are in harmony with Hammad and Hasanin58they examined the efficiency of spearmint and thyme essential 
oils emulsions and nanoemulsions solutions as an alternative to chemical control for suppressing M. javanica 
and Fusarium oxysporum on Coleus plant Coleus forskoblii in vitro and greenhouse conditions. The results 
indicated great reductions in the final population of M. javanica in the soil. Thyme and spearmint essential oils 
nano emulsions and emulsions recorded effect on final population (Pf) about 1193.6 and 1465.6, respectively, 
compared to Fenamiphose (328.4). A similar pattern was discovered in a greenhouse with a positive effect on 
increased shoot dry weight for coleus plants, where thyme and spearmint oil nanoemulsions at (5000ppm) 
achieved 3.3 and 3.9 g./plants for root –knot nematode infected plants, respectively, compared to 2.7 and 4.4 g/
plants for F. oxysporum infected plants.

Essential oils as nanoemulsions or natural nematicides, on the other hand, have a variety of efficiency 
mechanisms59. Mendes et al.60suggested, the nano emulsion’santipeptide activity was boosted while cytotoxicity 
was lowered. Nanoemulsion containing mint essential oil extract and chitosan has nematicidal activity against 
root knot nematodes with low cytotoxicity in a human cell line61. Essential oil emulsion and nanoemulsion 
components may adversely affect the nematodes’ nervous system, another possibility is that the essential oils 
disrupt the cell membrane of the nematode, and change its permeability61. In soil infested with root knot 
nematodes, a combination of chitin and benzaldehyde increased tomato plant growth61. In addition, sabinene, 
myrcene and trans- caryophellene concentrations in thyme essential oil nano emulsions, which are a group of 
terpenoid compounds, sabinene plays a role in nematicidal activity62. The gains in plant growth metrics might 
be attributable to biochemical changes in the stem base tissues, or they could be due to their effectiveness in 
partially preventing disease infection and development.

Generally, the bacteria Bacillus cereus Nem 212 filtrate, and garlic oil emulsion significantly improved the 
health status of eggplants against nematode infection. Furthermore, these treatments reduced the nematode 
reproductive parameters (number of galls and egg masses) in eggplant roots. Similar results were recorded 
in potato plants treated with compost enriched with bacterial cell filtrate of either B. cereus Nem 212 or B. 
cereus Nem 213 strains against M.incognita infecting potato plants9. Garlic essential oil against M. incognita 
infecting tomato plants55 and garlic extract formulation against the grapevine nematode Xiphinema index10. It 
has been mentioned by22 that nanoemulsion proved to be a successful treatment for root- knot nematodes in 
tomato, with no harmful effects on plants and other non-parasitic nematodes. In addition, emulsion stability 
improves considerably when the size of the oil particles is lowered63. Because essential oils (which have low 
water solubility) are larger than nano emulsion particles, they cannot easily interact with the cell membranes. 
However, nanoemulsion particles can deliver essential oils to the surface of the nematode cell membranes, which 
could be related to the ability of smaller particles to kill or hinder the nematode at any stage of its life cycle64.

Our results suggest the efficiency of garlic oil nanoemulsion and bio –silver nanoparticles in root knot 
nematode control. They provide new trends that safely and successfully prevent or reduce Meloidogyne species. 
Moreover, the present results show that the nano formulation was more effective on M. incognita reproductive 
parameters compared to their original extract. This action was attributed to nanoparticles that may have an 
inhibiting effect due to their physical proprieties, which was essential for the nematode′s ability to penetrate the 
cell wall (e.g., body form, size)65. Also, this characteristic feature might be due to the high negative- negative 
repulsion force between the nanoparticles which supports the long–term stability, good colloidal nature, and 
high dispersity of the silver66.

Conclusions
Overall, the findings of this study demonstrate that garlic oil nanoemulsion and garlic oil emulsion were the most 
effective natural nematicides against Meloidogyne incognita, while also promoting enhanced growth parameters 
in eggplant. These were followed in efficacy by biosynthesized silver nanoparticles produced using Bacillus cereus 
Nem 212 filtrate. Furthermore, the study highlights that all nano-formulations exhibited superior nematicidal 
activity compared to their corresponding original extracts.

From the previous results and discussion, it can be concluded, that nanotechnology and the uses of plant 
extracts, and endophytic bacteria are promising and environmentally friendly methods for controlling root 
knot nematode that can overcome and replace hazardous chemical nematicides. In addition, these techniques 
increase vegetative plant growth and yield production.

The utilization of such techniques in root–knot nematode control can provide a safe and effective nematode 
management program. However, further studies will be required to provide more insights into how this can 
effectively be utilized as a suitable alternative to chemical nematicides by optimizing formulations, assessing 
environmental impacts, evaluating efficacy across different crops or nematode species.

Materials and methods
Source of seedlings
Seedlings of eggplant (Solanum melongena L.) CV. Baladi were obtained from the Department of Horticulture 
Research Centre, Agriculture Research Centre Giza, Egypt.
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Isolation of bacterial isolate
The bacterial isolate used in this study was isolated from tomato and eggplant farms from Kafr Hakim, village, 
Giza, Governorate, Egypt, and was identified based on the morpho - taxonomic and molecularly characterized 
based on the partial 16 S rDNA sequencing analysis by the authors in a previous study9. The bacterial isolate 
was deposited in the GenBank data base as Bacillus cereus Nem 212 under accession number OK284601. The 
bacterial strain was stored on slant of LB broth medium67and maintained in Nematode Lab, Plant Pathology 
Department, National Research Centre, Egypt. A conical flask (250 ml) containing 100 ml of LB broth medium 
was inoculated and incubated at 28–30 ℃ with shaking at 150  rpm for 48 h. prior to application. After the 
incubation period, bacterial cultures were centrifuged at 5000 rpm for 15 min. and the supernatant solution was 
passed through a 0.22 μm in diameter nitrocellulose filter to prepare sterile culture filtrates for further studies.

In vitro synthesis of silver nanoparticles by Bacillus cereus Nem 212 OK284601
Silver nitrate and Tween 20 were obtained from Sigma Aldrich. Garlic oil was bought from the National Research 
Centre.

Preparation of silver nitrate solution (AgNO3)
Silver nitrate (1 g) was dissolved in 1 L of water to be used in nematode treatments.

Biosynthesized of silver nanoparticles (bio-Ag-NPs)
Silver nitrate (1 g) was dissolved in 10 ml of water and then dropped wisely into 1 L of extraction of Bacillus 
cereus cell- free filtrate under vigorous stirring (1000  rpm) at room temperature for 24  h. The addition of 
aqueous bacteria-extract to colorless silver nitrate solution resulted in a change in the color to dark brown after 
24 h (Fig. 6).

Preparation of garlic oil emulsion (GaO)
One gram of Garlic oil was miscible with 10 ml of ethanol after that the previous solution was completed to 1 L 
using water.

Synthesis of Garlic oil nanoemulsion (GaO-nanoemulsion)
Garlic oil (1 g) was dispersed into 1 L of water using Tween 20 (8 g, Sigma Aldrich) as dispersing agent to obtain 
oil-in-water garlic nanoemulsion solution. This emulsification was done under vigorous stirring (10000 rpm) 
using High Speed Homogenizer (D-500 Pro; Germany) at room temperature for 15 min.

Characterization
The average particles size diameter of the samples was measured by using a particle size analyzer (Nano-ZS, 
Malvern Instruments Ltd., UK). For measuring size distribution, the sample was sonicated for 10–15 min. just 
before the assessment.

The bio-Ag-NPs were examined in a Philips PW 1830 diffractometer by X-ray diffraction (XRD) through 
the use of radiation emitting from CuKα (λ = 0.154  nm) at 35  mA and 40  kV. The corrections of dL values 
determination were carried out at ± 0.01 nm.

The JASCO V 530 (4–21, Sennin-cho 2-chome, Hachioji, Tokyo 193–0835, Japan) model spectrophotometer 
was used to produce UV-visible absorption spectra in the 400–800  nm spectral region with an accuracy of 
± 0.2 nm using quartz cells with a 1 cm path length.

Fig. 6.  Color change during the bio-reduction of AgNO3 into AgNPs using Bacillus cereus Nem 212 cell- free 
filtrate (A) Bacillus cereus cell- free filtrate before synthesis, (B) AgNO3 solution after adding Bacillus cereus 
cell- free filtrate, (C) Synthesized silver nanoparticles in dark brown colour solutions after 24 h.

 

Scientific Reports |        (2025) 15:20220 10| https://doi.org/10.1038/s41598-025-06697-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Nematode identification and field experiment
This field experiment was carried out during January 2024- May 2024 at Kafr- Hakim village, Giza Governorate, 
Egypt. The experimental field was naturally infested with Meloidogyne incognita. The roots of eggplants previously 
planted in the experimental field were collected and adult females were picked out from the infected roots to 
identify nematode species using the morphological characteristics of their perennial pattern68. The experimental 
area was divided into 2 plots each comprising 8 rows (6 m. length and 50 cm width) and the distance of (50 cm) 
between plants. The experiment was set up in a completely randomized block design with 11 treatments, and 
each treatment was replicated 3 times. The treatments, doses and their abbreviations are shown in (Table 1). 
The treatments were:1-T1: M. incognita- infested non- treated soil (Control). T2-a: Silver nitrate at planting. 
T2- b: Silver nitrate at planting and after one month. T3-a: Endophytic bacteria Bacillus cereus Nem 212 cell free 
culture filtrate at planting, T3-b: Endophytic bacteria B. cereus Nem 212 cell free culture filtrate at planting and 
after one month. T4-a: Garlic essential oil solution at planting. T4-b: Garlic essential oil solution at planting and 
after one month. T5-a: bio- silver nanoparticles synthesized by B. cereus Nem 212 at planting, T5-b: bio-silver 
nanoparticles synthesized by B. cereus Nem 212 at planting and after one month. T6-a: Garlic oil nanoemulsion 
at planting. T6-b: Garlic oil nanoemulsion at planting and after one month.

The treatments were added at the rate of 10 ml/ plant as a soil drench and were added at each time / hill. 
The frequencies of application of the tested bio agents in each bio agent- allocated area were: 1-At planting 
time, 2- At planting time and after one month. Initial population densities of M. incognita juvenile’s j2 were 
determined at planting time69 from 250 g. subsamples of well mixed soil from each row, and then all the two 
plots were treated by the bio control agents according to the allocated area for each treatment. After one month, 
only plot 2 was treated with the bio control agents. Four months later at harvest five eggplants were randomly 
selected from each treatment- allocated area, fruits were hand harvested for yield estimation and recorded in 
terms of their average weights. Other plant growth parameters, such as fresh and dry weights, number of the 
fruits, number of leaves and flowers were also recorded. For evaluation of nematode reproductive parameters 
(NRPs), the number of galls and egg masses/ 5 g. roots, as well as number of M. incognita juveniles /one g. roots, 
and total number of eggs/ 5 g. roots were recorded. Assessment of eggs per 5 g. roots: one – gram subsample 
from 5 g eggplant roots was taken, cut into pieces of 2-cm long. M. incognita eggs were extracted from the roots 
using 0.5% NaOCL solution for 3 min and then obtained by rinsing the egg suspensions with sterile water in a 
sieve with 25-µm openings according to the method70. Eggs were counted under a light microscope and their 
average numbers were recorded. The final nematode soil population was extracted and densities of M. incognita 
were determined and expressed as the number of juveniles /250 g soil68. Percentage nematode reduction was 
determined according to Henderson and Tilton formula71.

Nematode reduction % = {1-(PTA/PTB x PCB/PCA)} x 100

Where PTA = population in treated plot after application, PTB = population in treated plot before application, 
PCB is population in check plot before application, and PCA = population in check plot after application.

Statistical analysis
All obtained data were subjected to proper statistical of variance72 using Assistant program version 7.6 beta. The 
means values were compared using Duncan73Multiple Range Test at P ≤ 0.05    level.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable re-
quest. The bacterial isolate was deposited in the GenBank data base as Bacillus cereus Nem 212 under accession 
number OK284601.
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