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Root-knot nematode is one of the major problems that face the agricultural production of several
vegetable crops. Chemical nematicides have been banned because of their healthy and environmental
undesirable attributes. So, this study aimed to evaluate the potential use of sweet annie (Artimisia
annua) and garden cress (Lepidium sativum) as green routes for the development of effective and
eco-friendly alternative nematicides. Nematicidal activity of sweet annie and garden cress aqueous
extracts (500 g/L) in the original and nano-forms were evaluated against Meloidogyne incognita in
tomato planted in infected soil under greenhouse conditions. Nineteen phenolic compounds were
identified in A. annua extract, which was dominated by chlorogenic acid (5059 pg/100 mL), while

11 compounds were identified in L. sativum extract, that dominated by p-hydroxybenzoic acid

(3206 pg/100 mL). Nano-particles were characterized with smooth surface, spherical shape and
small size (50-100 nm). Under laboratory, the nano-formulations showed mortality percentage of M.
incognita J, greater than the original extract from. Vegetative growth parameters of tomato plants
treated with A. annua and L. sativum extracts significantly improved compared to the control plants.
Also, biochemical analysis revealed that the extracts were able to induce tomato plants towards the
accumulation of phenolic compounds and increasing the activity of defensive enzymes (protease,
polyphenol oxidase and chitinase) resulting in systemic resistance. Regarding tomato fruits yield and
quality, the studied treatments significantly improved the yield and physicochemical parameters

of tomato fruits in terms of fruit weight, diameter, TSS, pH, lycopene content and color attributes
gaining higher sensorial acceptance by the panelist. Generally, both extracts represent promising
nematicide alternatives and have potential use in crop management. The nano-form of A. annua
extract outperformed the nematicidal activity of other studied treatments.

Abbreviations

A. annua Artimisia annua

L. sativum Lepidium sativum

Tss Total soluble solids

PH Potential of hydrogen

Asss Aas Additional dilutions from Artimisia annua
L,s0, Liss Additional dilutions from Lepidium sativum
TEM Transmission electron microscopy

L. esculentum  Lycopersicon esculentum
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NA;q, Nano-formulation from Artimisia
NLsg, Nano-formulation from Lepidium
PEG Poly ethylene glycol

M. incognita  Meloidogyne incognita

Tomato (Solanum lycopersicum) is a popular vegetable crop and widely consumed all over the world. Egypt ranks
sixth in the production of tomato'. The tomato agricultural production faces several major problems which lead
to low crop yield. Root-knot nematodes (Meloidogyne spp.) are among the most destructive agricultural pests
globally, particularly vegetables, that cause serious yield losses in tomato production. M. incognita is one of the
most economically important nematode species since it can attack the roots of over 3000 agricultural crops®”.
Tomato yields had reduced by about 25.0-49.0% by M. incognita attack®.

The increased environmental concern, as well as the recent prohibition on numerous nematicides, has necessi-
tated a reduction in chemical nematicides and the creation of non-chemical alternatives’. Furthermore, the search
for effective, ecologically friendly, and safe alternative controls has accelerated. Because the use of nematicides
is becoming unaffordable in many countries due to their negative repercussions, green-nanoformulation for the
management of plant-parasitic nematodes using nanoparticles can be a viable option®.

Nanotechnology provides innovative agricultural practices and revolutionizes the existing pest management
applications”®. The agricultural nanotechnology provides the potential of new nematicides generation. Nano-
capsules are vesicular systems in which a single polymeric membrane (wall material) covers specific substances
that have been solubilized in an aqueous or oil core’. Nano-capsules have longer period of effective action in a
single use of any nematicides, which effectively reduce the level of nematode infestation.

Phytochemicals of several higher plants offer attractive potential as nematicidal agents for crop protection'.
Nematicidal extracts or phytochemicals are environment friendly'". In this concern, Artemisia spp. has produced
about 1000 biodynamic chemicals and several types of secondary metabolites including, phenolic, furans and
flavonoids!'2. Also, the herb of L. sativum includes volatile essential fragrant oils, ascorbic acid, flavonoids, and
isothiocynate glycosides''. The Artemisia species extracts have active compounds that reduce the infectivity
potential of root-knot nematodes, and kill the infective juveniles'>™”. The aqueous extracts of dried plant shoots
and dried aerial parts effectively prevented juvenile mobility, egg hatching and killed M. incognita second-stage
juveniles!>18,

Induced resistance and reducing diseases infection in plants have been related to a large number of enzymes
such as polyphenol oxidase, p-1.3-glucanase and chitinase!. These enzymes play an important role in the
degradation of pathogen cell walls, releasing chemicals that act as elicitors in the early stages of phytoalexin
and formation of phenolic compounds and other pathogenesis proteins or metabolites related plant defense
mechanisms®22,

Based on the aforementioned facts, the present study was designed to synthesize nanoparticles via a green
route using A. annua and L. sativum aqueous extracts, with the goal of identifying new eco-friendly nematicides
that could be used to reduce nematode infection and increase plant yield. The nematicidal activity on juveniles
mortality and tomato plant infected with M. incognita were evaluated. The vegetative growth parameters and the
biochemical alteration changes in the host during infection and bio-control of M. incognita as well as the yield
and tomato fruit quality were monitored.

Methods

Preparation of root-knot nematode culture. A pure nematode population used in laboratory bioas-
say were obtained from tomato plants grown in screen house on in a 1:1 mixture of clay and sand maintained
at the Plant Pathology Department and identified as Meloidogyne incognita by Light microscopic examinations
of perennial pattern of female®. Nematode eggs were extracted from the M. incognita-infected tomato roots
through stirring of washed tomato roots pieces in NaOCI (0.5%) for 12 min according to the method of Hus-
sey and Barker**as described by Gomez-Gonzalez et al.”>. The eggs were hatched out in water for 48 h at room
temperature (27 +2 °C) using the modified Baermann plates according to Barker? and the second larval stages
(J,8) were used immediately for juvenile mortality test.

Preparation of Aqueous plant extracts. Sweet annie (Artimisia annua L.) and Garden cress (Lepidium
sativum L.) seeds were obtained from Agriculture Research Center, Giza, Egypt. Seeds were planted in natural
outdoor micro-plots in the farm of the National Research Center, and the fully grown plants were harvested at
floral initiation. The obtained plants were identified and authenticated by Mrs. Therese Labib, Consultant of
Plant Taxonomy at the Ministry of Agriculture and Ex-director of the Orman Botanical Garden, Giza, Egypt.
The aerial plant parts were shade-dried at room temperature. 500 g of dried A. annua and L. sativum coarse
powders were separately macerated in one liter of warm water (30 °C) for 16 h at room temperature (25+3 °C)
with occasional stirring, and then filtered through a Whatman No. 54 filter paper. The obtained extracts were
considered original and marked as A, and Lgg, respectively. Additional dilutions (A5, A5, L5 and Ly,5) were
prepared from the original extracts.

Estimation of bioactive compounds. Phenolic compounds of A. annua and L. sativum extracts were
estimated using HP 1090 M Series II HPLC system equipped with diode array detector (EC; Esa Inc., USA) and
HP 3D ChemStation computer program. The analytical column was Eclipse XDB-C18 (150 x 4.6 pm; 5 pm)
with a C18 guard column (Phenomenex, Torrance, CA). Gradient elution was employed with a mobile phase
consisting of 50 mM H;PO,, pH 2.5 (solution A) and acetonitrile (solution B). The flow rate was kept at 1 mL/
min, column oven temperature was set at 35 °C and diode array detector wavelengths were 280 and 330 nm. The
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injection volumes were 10 pL of the standards mixture and sample extracts. Quantification, based on peak area,
was calculated using standard calibration curves of 20 compounds. The samples were analyzed in duplicate and
the obtained results expressed in {1g/100 mL.

Preparation of nano-emulsions. Nano-emulsions of medicinal plant extracts (A. annua and L. sati-
vum) were prepared by the micro mini-emulsion polymerization method using poly ethylene glycol (PEG) as
described by Zhang et al.”’. The extract suspension was dropwised in polyethylene glycol solution (3%) in a
ratio of 1:1 (v/v) under continuous mechanical stirring at room temperature. The suspension of the extract was
sonicated for 60 min using ultrasonic cleaner set, model WUC-DO3H 290 W and 60 Hz, and then sonicated for
3 min using a high energy ultra-sonication probe (model VCX750, 750 W, 20 kHz). The loaded nano-capsule
suspension was equilibrated overnight. The prepared nano-emulsions were marked as NA;y, and NLg,, for A.
annua and L. sativum, respectively. Additional dilutions (NA,5,, NA 55, NL,5, and NL,,;) were prepared.

Transmission electron microscopy of nano-emulsion. The morphological shapes of prepared emul-
sions were tested with Transmission Electron Microscopy (TEM) (Jeol, JEM-2100). The prepared suspensions
were diluted with distilled water and deposited onto a carbon-coated copper grid and then examined by magni-
fication (20000X) and photographed.

Estimation of nematicidal activity. Juvenile mortality. The nematicidal activity of A. annua (Asy and
Ays) and L. sativum (Lsy, and L,s,) extracts and their respective nano-formulations against M. incognita juve-
niles was tested, as follow: 4 mL from each solution were mixed with 1 mL containing 100+ 5 juveniles of M. in-
cognita in test tubes. The tubes were incubated at room temperature for 24 and 48 h in a completely randomized
design. One mL from each tube was taken on a Hawksley counting slide and the numbers of dead juveniles were
counted with the aid of light microscope. Also, after 48 h of exposure, the juveniles were washed by distilled
water and transferred to aerated distilled water for 24 h and then the average percentages of nematode recoveries
were determined. The mortality of juveniles was recorded after 24 and 48 h. Nematodes were considered alive if
they moved or appeared as a winding shape and were considered dead if they did not move when probed with a
fine needle?. All treatments were conducted in five biological replicates for two consecutive days and the aver-
age results were compared to negative control (water). The percentages of nematode mortality were calculated
according to Abbott’s Formula® as follows:

Juvenilemortality (%) = (m — n)/(100 — n) x 100,where m and n indicate the percentages of mortality in
treatments and control, respectively.

Field experiment. Field experiment was carried out in a productive plastic greenhouse (naturally infested
with M. incognita) at the Experimental and Production Station of National Research Centre, El-Noubaria region,
Beheira Governorate, North of Egypt, during 2020 and 2021 seasons, Initial population densities of M. incognita
were determined prior to planting time. Tomato seedlings (Solanum lycopersicum Mill. cv. CH7) were trans-
planted to the field experiment at September. The experiment was arranged in a randomized complete block
design to 14 blocks. The first 2 blocks represent the negative control (untreated plants) and positive control
(vydate, nematicide, treated plants with the recommended dose). Blocks no. 3-5 and 6-8 were treated with A.
annua extracts (Asy, Ayso and A,5) and their respective nano-formulation (NAsy, NA,5, and NA,,;), respec-
tively. Similarly, blocks no. 9-11 and 12-14 were treated with L. sativum extracts (Lsy, Lyso and Li,s) and their
respective nano-formulation (NLsy, NL,s, and NL,,;), respectively. The extracts were added at 60 mL/plant by
pouring the solution into holes made around the seedlings after 3 days of transferring. Different recommended
agricultural practices for tomato plants were followed by the Ministry of Agric., Egypt. The effects of the pre-
pared extracts and their nano-formulations on vegetative growth, biochemical parameters, flowering and fruit
yield, fruit quality and root damage of tomato were evaluated.

Vegetative growth parameters. Five plants were randomly chosen from each block at 65 days from
transplanting date to determine the vegetative growth characteristics including plant length (cm), number of
leaves per plant, number of branches per plant and fresh and dry weights of leaves per plant (g).

Biochemical parameters of tomato plants. Protein estimation. Protein estimation was done accord-
ing to Lowry et al.** using Folin-Ciocalteu reagent and Bovine serum albumin as standard at 750 nm.

Total phenol contents determination.  For assessing the total phenolic contents, 1 g fresh leaves of each treatment
was homogenized in 10 mL of 80% methanol and agitated for 15 min at 70 °C. One mL of the extract was added
to 5 mL distilled water plus 250 pL of 1 N Folin-Ciocalteu reagent. The absorbance was measured at 725 nm,
and the amount of phenolic content was expressed as milligrams catechol equivalent per 100 g (mg CE/100 g)*'.

Enzyme extraction. Plant samples (4 g) were cut and homogenized in 40 mL of phosphate buffer. The extract
was then centrifuged at 10,000g for 10 min at 4 °C. The supernatant containing the crude enzyme extract was
used for enzyme assay.

Polyphenol oxidase activity. The activity of polyphenol oxidase was determined according to Vamos-Vigyazo
and Nadudvari-Marlcus®® using 0.5 mL of crude enzyme extract, 1 mL of catechol (0.05 M) as the substrate and
2.5 mL of phosphate buffer (0.1 M, pH 7.0). The absorbance was measured at 540 nm at a regular interval of 30 s.
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Protease activity. Proteolytic activity on casein was determined according to the method described by Han and
Damodaran®.

Chitinase activity. 'The exochitinase activity was determined using 0.1% of the synthetic substrate
4-nitrophenylN-acetyl-B-p-glucosaminide in 0.05 M phosphate buffer pH 6 according to Rustiguel et al.**.

Flowering and fruit yield parameters. Flowering and fruit yield were determined in terms of number
of clusters per plant, number of fruits per plant, fruit yield per plant (g) and total marketable yield (ton/fed.).

Fruit quality parameters. Random samples of fruits were taken from each experimental plot at the middle
of harvesting stage to determine the average fruit weight (g) and average diameter (cm). Total soluble solids (T'SS
%) was determined in fruit juice using a hand refractometer, according to the methods of AOAC™. Also, the
phenolic content of tomato fruits was determined using Folin-Ciocalteu method as mentioned above.

Lycopene extraction and determination. Approximately 0.5 g from each tomato puree was weighed into screw
tube. Acetone (2.5 mL), ethanol (2.5 mL) and hexane (5 mL) were gradually added. Samples were sonicated
for 15 min in bath sonicator containing ice, then 1.5 mL of distilled water was added. The tubes were then left
at room temperature for 5 min to allow for phase separation. The absorbance of hexane layer was measured
at 503 nm blanked with hexane. The lycopene content was estimated using the absorbance at 503 nm and the
sample weight**%.

Color of tomato fruits. 'The color of tomato fruits was measured using a spectrocolorimeter with the CIE color
scale (Hunter, Lab scan XE). This instrument was standardized against the white tile of Hunter Lab color stand-
ard (LX No. 16379): X=77.26, Y =81.94 and Z=88.14. The L*, a* and b* values were reported.

Sensory evaluation. Sensorial evaluation was performed for tomato samples by ten panelists using 7-point
hedonic according to Araujo et al.*®. A piece of tomato fruit was put in coded white plastic cup and the samples
were submitted to panelists. The 7-point hedonic scale was used to show how much the panelists liked or disliked
the flavor, color of the pericarp, internal color and texture of each sample.

Nematode damage of tomato root system. Root systems were gently washed with tap water and
numbers juveniles in soil/5 g root, root galls, and egg masses/root system were counted and indexed on a 0-10
scale®. Second-stage juveniles (J,s) were extracted from an aliquot of 250 g soil from each pot using sieving and
Baermann pan technique®. The extracted juveniles were counted using 1 mL counting slide under a compound
microscope. The percentages of nematode reduction in total nematode stages inside the roots J2, galls, and egg
masses on roots per 5 g were calculated with respect to untreated control and number of ], in soil were calculated
according to the formula of Handerson and Tilton*:

Nematodereduction(%) = [1 — (PTA/PTB x PCB/PCA)] x 100where PTA = Population in the treated
tomato plant after application, PTB =Population in the treated tomato plant before application, PCB = Population
in the check tomato plant before application and PCA = Population in the check tomato plant after application.

Statistical analysis. All data collected were directly subjected to analysis of variance (ANOVA) and signifi-
cant means separated with Duncan’s Multiple Range Test (DMRT) at P < 0.05 level using the Computer Software
Statistical Package (CO-STATE) User Manual Version 3.03, Barkley Co., USA. Means were represented as the
average of replicates of two seasons (as combined analysis of two seasons).

Ethical approval. All the methods and handling of plant were performed in accordance with relevant
guidelines and regulations.

Results

Phenolic compounds of A. annua and L. sativum extracts. Nineteen phenolic and flavonoids com-
pounds from 20 tested compounds were identified in A. annua aqueous extract and their concentrations ranged
between 136 and 5059 pg/100 mL (Table 1). The phenolic profile of the aqueous extract showed that chloro-
genic acid was the predominant component (5059 pg/100 mL) followed by rutin (5024 pg/100 mL) and vanil-
lic acid (3524 pg/100 mL). While, kaempferol recorded the minor concentration in A. annua aqueous extract
(136 ug/100 mL).

Eleven phenolic and flavonoids compounds from 20 tested compounds were identified in L. sativum aque-
ous extract and their concentrations ranged between 40 and 3206 ug/100 mL (Table 1). p-Hydroxybenzoic acid
dominated the phenolic profile of the aqueous extract with the concentration of 3206 ug/100 mL followed by
sinapic (1891 pg/100 mL) and protocatechuic (741 ug/100 mL). While, caffeic acid recorded the minor concen-
tration in L. sativum aqueous extract (40 ug/100 mL).

Morphological characteristics of A. annua and L. sativum Nano-emulsions. The morphologi-
cal shapes and particles size of prepared nano-emulsions of A. annua and L. sativum extracts were examined
by TEM and illustrated in Fig. 1. Nano-particles were characterized with smooth surface, spherical shape and
small size (50-100 nm). Preparation of PEG nano-capsules containing extract from medical plant were carried
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Compounds Sweet annie | Garden cress
Gallic 892+25 31615
Protocatechuic 881+16 741+74
p-hydroxybenzoic 398+22 3206+214
Gentisic 15411 ND
Cateachin 3856+215 ND
Chlorogenic 5059+ 56 ND
Caffeic 411+43 40+9
Syringic 591+64 56+12
Vanillic 3524+112 421+37
Ferulic 221+12 560+28
Sinapic 185+19 1891+ 167
p-Coumaric 253+21 ND

Rutin 5024 +135 ND
Rosmarinic 143+11 167+25
Apigenin-7-glucoside 383423 248+17
Cinnamic 4477 21321
Qurecetin 771129 ND
Apigenin 1084 £83 ND
Kaempferol 136+14 ND

Table 1. Phenolic and flavonoids profile of aqueous A. annua and L. sativum extracts (j1g/100 mL).
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Figure 1. Transmission electron microscopy of the prepared A. annua and L. sativum nano-capsules.

out using a multi-step process using a high-energy ultrasonic technique as an important step to achieve small
capsule sizes in the nano-scale. The prepared solutions of the aqueous extract and PEG appeared in the core and
shell capsules form representing the extract and PEG, respectively.

Nematicidal activity of A. annua and L. sativum extracts. Under laboratory, the nematicidal effect
of A. annua extracts (Asy and A,s,) and L. sativum (Lsy, and Lysy) and their nano-formulations against root-
knot nematode, M. incognita second-stage juveniles (J,), were evaluated (Table 2). Generally, the tested medical
plant extracts achieved nematicidal effect on M. incognita J, mortality compared with the control (water). The
reduction in the movement was irreversible, and the mortality of the juveniles was confirmed when they were
transferred to distilled water for 48 h. Moreover, the nano-formualtions of both studied extracts outperformed
their original extracts in terms of mortality %.

After 48 h of exposure, the nano-formulations appeared mortality percentage greater than the original extract
from. For instance, A. annua extract (As) recorded 82.5% compared to 100.0% for NA;,. Also, in the case of
L. sativum extract (Lsy) and its nano-formulation (NLs,) against the root-knot nematode, M. incognita J2, the
nano-formulation have achieved a better effect than the original extract, which achieved 100.0% and 89.5%,
respectively (Table 2). Furthermore, data in this table showed a clear positive relationship between the juveniles
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Mortality of M.

incognita J, (%)
Treatment |24 h 48h Recovery (%) | Net mortality (%)
Asgo 79.509 | 82.504 |0 82.50
Asso 71.00" | 80.50° | 0 80.50
NAsq 100.0* | 100.0* |0 100.0
NA,s 93.66° | 100.0* |0 100.0
Lsgo 72.50¢| 89.50° | 0 89.50
Laso 65.508 | 83.50° | 0 83.50
NLgy, 97.00° | 100.0* |0 100.0
NL,so 94.00° | 100.0* |0 100.0
Control 0.00" | 0.00" | 0 0.00

Table 2. Nematicidal activity of A. annua and L. sativum extracts and their nano-formulations against M.
incognita juvenils mortality. Means followed by the same letter(s) are not significantly (P <0.05) different.

Treatments | Plant length (cm) | No. of branches per plant | No. of leaves per plant | Fresh weights of leaves per plant (g)
Control 121.70° 3.33¢ 94.331 647.70"
Vydate 137.70%f 4.33¢ 111.30¢ 874.30f"
Asgo 146.00° 5.33% 151.00¢ 1467.00>
Ao 143.30b<¢ 5.00° 149.00¢ 1198.00°%
Aps 140.30%f 5.00° 140.00¢ 1043.00%f
NAsg, 151.70° 6.33 192.70° 1943.00°
NA,s, 150.00* 5.67% 162.30° 1766.00%
NA 55 145.00 5.00% 157.00¢ 1259.00¢¢
Lsgo 137.30% 4,33 111.008 829.40f"
Laso 133.708 4,33 108.70" 790.108
Liss 129.70" 4.00% 107.70" 675.70"
NLsgo 151.00* 5.00° 162.70° 1459.00>
NL,s, 141.30% 5.00° 150.30¢ 1143.00%"
NL 55 139.00¢ 433 123.30f 921.30°"h

Table 3. Effect of A. annua and L. sativum extracts and their nano-formulations on vegetative growth
parameters of tomato plants. Means followed by the same letter(s) are not significantly (P <0.05) different.

mortality, the exposure time and dilution of extract. The juveniles mortality was positively dependent on the
length of the exposure period and dilution.

Vegetative growth parameters of tomato plants. Data in Table 3 reveal the effect of A. annua and L.
sativum extracts and their nano-formulations compared to the vydate and control (untreated plants) on vegeta-
tive growth of tomato plants. The results show that tomato plants which treated with NA5y, NLsy, and NA,5,
had the highest significant values of plant length which increased by 24.65%, 24.08% and 23.25% respectively
compared to the control plants, with non-significant differences between the three treatments. In the same trend,
NAsq, and NA,;, treatments produced the highest significant values of number of branches and fresh weight
of leaves per plant compared to the other treatments and increased by (90.01 and 70.03%) and (199.98 and
172.66%) respectively than the control treatment. Also, tomato plants which treated by NA;,, had the maximum
significant values of number of leaves per plant and increased by 104.28% than the control treatment.

Biochemical parameters of tomato plants. Biochemical parameters in terms of protein, total phe-
nols and enzyme activity (protease, polyphenols oxidase and chitinase) as indicators for physiological status of
tomato plants were determined and illustrated in Fig. 2. The obtained data demonstrated that A. annua and L.
sativum extracts and their nano-formulations were effective in activating protein in leaves compared with the
control. Tomato plants treated with A. annua extracts and their nano-formulations showed comparable protein
values to the vydate treated plants. Noteworthy, the protein content of tomato leaves was dependent on the
extract concentration rather than its forms. However, L. sativum extract showed a promising stimulate activity
for protein synthesis in tomato leaves. The protein content of tomato leaves treated with L. sativum extracts was
dependent on both the concentration and form of the extract.

Under field conditions, the effect of A. annua and L. sativum extracts on the phenolic content of tomato plants
infected with M. incognita was investigated. The results in Fig. 2 reveal that the prior treatments were highly
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Figure 2. Effect of A. annua and L. sativum extracts and their nano-formulations on biochemical parameters of
tomato leaves infected with M. incognita.

effective in increasing total phenolics in leaves. In comparison to the untreated control, the A. annua extract and
their nano-formulations obtained a high level of total phenolics in tomato leaves. The same trend was observed
for L. sativum, which had a high level of total phenolics in leaves in all treatments compared to the untreated
control. According to the findings of this investigation, both extracts increased the total phenolic levels when
compared to the control treatment. In general, total phenolics were varied in narrow range between 2.7 and
2.9 mg/g for A. annua treated plants, while it varied between 2.1 and 2.9 mg/100 g for L. sativum treated plants.
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Treatments | No. of clusters per plant | No. of fruits per plant | Fruit yield (g/plant) | Fruit yield (ton/fedden)
Control 17.0" 14.7 1446.0" 18.8"
Vydate 26.08 37.08 1702.0%% 22.1°%
Asgo 38.0% 50.0¢ 2055.0° 26.7¢
Asso 36.0°¢ 48.3¢ 2008.0¢ 26.1¢
A 35.7¢ 43.3¢ 1896.0%% 24.6¢
NAsq 517 63.0° 2714.0° 35.3
NA,s, 47.5° 62.7° 2331.0° 30.3°
NA 5 40.2¢ 56.0¢ 2077.0° 27.0°
Lsoo 26.38 31.3" 1663.0%8" 21.6%8"
Laso 25.98 28.31 1557.0¢" 20.28"
Lpss 23.8¢ 27.3! 1484.08" 19.38"
NLsgo 41.4° 59.3% 2356.0° 30.62°
NL,s, 36.0° 43.7¢ 1925.0¢¢ 25.0%¢
NL 55 33.3f 40.0F 1785.0%f 23.20f

Table 4. Effect of A. annua and L. sativum extracts and their nano-formulations on flowering and fruit yield
parameters of tomato plants. Means followed by the same letter(s) are not significantly (P <0.05) different.

Protease, polyphenol oxidase and chitinase activities of tomato plants treated with A. annua and L. sativum
extracts and their nano-formulations are presented in Fig. 2. Generally, the nano-formulations produced higher
enzymatic activity compared to their respective original extracts. Also, there was a reverse relationship between
the enzymatic activates and the concentration of both extracts. Tomato plants treated with of L. sativum extracts
and their nano-formulations showed higher enzymatic activity compared to the other treatments. The highest
Protease, polyphenol oxidase and chitinase activities were recorded for NL,,; treatment. On the other hand,
tomato plants treated with A.annua extracts and their nano-formulations recorded lower chitinase activity
compared with other treatments. Also, tomato plants treated with NA;,, recorded the lowest protease activity.

Flowering and fruit yield parameters of tomato plants. The effect of A. annua and L. sativum
extracts and their nano-formulations on the flowering and fruit yield of tomato plants compared to the vydate
and control treatments is presented in Table 4. The obtained data showed that A. annua and L. sativum extracts
and their nano-formulations significantly improved the number of clusters and fruits per plant. Also, all treat-
ments, except the original extract of L. sativum significantly improved the fruit yield.

The nano-form of A. annua extract outperformed the other studied treatments. The highest number of clusters
per plant was recorded for NA;(, treatment being 51.7. Moreover, the highest significant number of fruits per
plant was recorded for NA;y, and NA,;, treatments (63.0 and 62.7, respectively). Furthermore, fruit yield per
plant treated with NA;, produced the maximum significant values (2714 g/plant and 35.3 ton/fedden), which
increased by 87.69% and 87.76% respectively compared to control treatment.

Fruit quality parameters. Data in Table 5 show the effect of A. annua and L. sativum extracts and their
nano forms on tomato fruits quality compared to the vydate and control treatments. Studied treatments signifi-
cantly improved the physicochemical parameters of tomato fruits. The fruits of tomato plant treated with NA;y,
recorded the highest fruit weight, TSS, total phenols, lycopene content and redness value (a*) being 137.80 g,
5.50 °Brix, 36.29 mg/100 g, 109.09 mg/kg and 32.74, respectively. While, the highest values for fruit diameter
were achieved with NLg, treatment (5.47 cm). The pH values of tomato fruits ranged in narrow range between
4.02- 3.66. The highest pH values were recorded to the control and NL,s, (4.01 and 3.99, respectively), while
the lowest value was recorded to NA, treatment. Also, the lightness (L*) and yellowness (a*) color parameters
varied in narrow range between 40.87- 38.70 and 27.97-23.51, respectively.

Organoleptic properties of tomato fruits. The effects of A. annua and L. sativum extracts and their
nano-formulations on the sensorial properties of tomato fruits in terms of appearance, pericarp color, inter-
nal color, texture and taste were evaluated as shown in Table 6. The obtained results showed that the control
(untreated plants) gained the lowest score for all tested parameters, except the taste.

The highest scores of appearance (6.6) and texture (6.4) were recorded for both NA;, and NL 5, treatments,
while the highest score of internal color (6.4) was gained by NAg, treatment. The highest preicarp color score
(6.2) was gained by several treatments (Asq, NAsqg, Lsop» NLsgo and NL,s), while the highest taste score was gained
by the control treatment. But with respect to the overall impression, the fruits of all tomato plants treated with
A. annua and L. sativum extracts and their nano-formulations showed insignificant differences (p< 0.05) for the
appearance, preicarp color and texture parameters.

Nematode damage of tomato root system. Results in Table 7 and Fig. 3 show the effect of A. annua
and L. sativum extracts and their nano-formulations against root-knot nematode, M. incognita second-stage
juveniles (J,). It was found that the nano-formulations were more effective in the reduction of J, in the soil and

Scientific Reports |

(2022) 12:22302 | https://doi.org/10.1038/s41598-022-26819-2 nature portfolio



www.nature.com/scientificreports/

Color attributes

Treatments Fruit weight (g) | Fruit diameter (cm) | Total soluble solids °Brix) | pH Total phenols (mg CE/100 g) | Lycopene (mg/kg) | L* a* b*
Control 48.97 4.03" 4.00° 4.01° | 23.73f 60.91 38.88> | 25.58% |23.54°
Vydate 69.88" 4.47% 4.17% 3.74% | 29.68bde 73.28" 39.51° |28.35" |25.14°
Asgo 90.93¢ 4.87bd 4.67° 371 | 33.97% 105.64° 38.77° | 31.39° | 24.34°
Asso 89.50¢ 4.80¢d¢ 4.00¢ 3.79¢ | 31.03% 96.00° 38.29° | 30.17¢ | 23.74°
Aps 75.228 4.50°% 4.33b 3.74% | 28.53¢df 74.53" 38.47° |29.158 |23.92°
NAsg 137.80° 5.42° 5.50* 3.66" | 36.29 109.09* 39.63% | 32.74* | 25.61®
NA,s, 128.20° 5.17% 5.33% 3.87% | 32.11¢%¢ 103.48° 38.78° | 31.85° |24.72°
NA s 110.30¢ 5.00% 4,50 3.90° | 30.43bd 95.12¢ 39.72% | 29.741 | 25.78®
Lsgo 69.42" 4338 4.17% 3.88° | 31.29% 81.90° 40.87* | 30.77¢ | 27.97*
Lyso 59.331 4,278 433 3.81<4 | 28.21¢df 78.078 38.81° |27.83 |24.11°
Ls 52.07 4.338 4.50% 3.79¢ | 24.90¢ 68.82 39.29° |29.42% |23.86"
NLsgo 121.20° 5.47% 4,50 3.75% | 35.75% 102.82° 38.82° | 30.98¢ |24.76"
NL,s, 85.75 4,65% 4.17% 3.99* | 32.96%¢ 90.19¢ 39.45% | 30.64¢ | 25.43®
NL,,5 73.708 4,538 4,00 3.92° | 26.19%f 86.17¢ 38.70° | 27.47 |23.51°

Table 5. Effect of treatments on fruit quality parameters of tomato plants in El-Noubaria, during 2020-2021.
Means followed by the same letter(s) are not significantly (P <0.05) different.

Treatment | Appearance (7) | Pericarp color (7) | Internal color (7) '(I;)thll‘e ’(I;a)Ste
Control 4.8¢ 4.6° 4.6 4.8° 6.2
Vydate 5.0 5.8 5.0¢ 4.8 5.6%¢
Asgo 6.4° 6.2 6.2 5.6 5.42b¢
Asso 6.2 5.8% 5.420¢ 6.2° 4.8%
Al 6.6° 6.0° 5.20¢ 5.8% 6.0
NAsq, 6.6" 6.2° 6.4° 6.4° 4.8
NA,5, 6.2* 5.8 5.6%¢ 6.0 5.6%¢
NA,,s 6.0 6.0° 6.2 5.6 5.0%b¢
Lsoo 5.8%¢ 6.2° 5.6%¢ 5.4° 5.0
Laso 6.4* 5.8% 5.0 6.2° 5.0%¢
Ly 5.8:b¢ 5.6 4.6° 5.2 4.6°
NLsgo 6.6° 6.2 5.42b¢ 6.4 5.42b¢
NL,so 6.2° 6.2 5.6%¢ 6.0 5.6%¢
NL 55 5.6%¢ 5.4% 5.2b¢ 5.4% 4.8

Table 6. Effect of A. annua and L. sativum extracts and their nano-formulations on the organoleptic
properties of tomato fruits. Means followed by the same letter(s) are not significantly (P <0.05) different.

roots, as well as the reduction of galls and egg-masses formation as compared to the original extracts. There was
positive relationship between the nematode parameters counts and dilution. Generally, the A. annua extract and
their nano-formulation achieved the best reduction of all parameters related with nematode.

In the case of A.annua extract, the nano-form achieved high reduction of J, number in soil, number of ],
in roots, number of galls and egg-masses which recorded 93.44, 89.91, 96.51 and 94.24%, respectively. While,
the original extract recorded 75.52%, 52.59%, 86.60% and 55.17%; respectively. The nano-form of L. sativum
reduced the number of ], in soil, number of ], in roots, number of galls and egg-masses by 92.27, 50.94, 92.44
and 87.34%, respectively. While, the original extract recorded 69.93, 50.57, 81.00 and 79.31%, respectively. Also,
the same trend was noticed with respect to galls and egg-masses indexes.

Discussion

The present study revealed that the tested medical plant extracts represent promising safe and natural nematicide
alternatives. They could be used in the development of new products for crop management against plant-parasitic
nematodes. The nematicidal activity of these extracts is attributed to their phenolic and flavonoid compounds
which act as nematicidal agents*"*2. Phenolic compounds stimulate the auxin production and root initiation.
They act as competing substrates for indole-3-acetic acid oxidase or as free radicals scavengers inhibiting the
peroxidase reaction®.
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Treatment | No. of J,in soil | No. of ], in root | No. of galls | Egg masses | Gallindex | Egg masses index
Control 1143.33° 264.33 172.00° 29.00° 9 5
Vydate 381.67< 213.33° 49.0° 13.00¢ 6 4
Asgo 283.00° 125.33¢ 24.00¢° 13.00¢ 5 4
Asso 396.00° 160.67¢ 31.33¢ 14.33¢ 6 4
Aps 454.67° 214.67° 43,33 18.33¢ 6 4
NAsy, 75.008 26.67" 6.00" 1.67¢ 3 2
NA,s 86.338 85.67¢ 10.33¢ 2.67¢ 4 2
NA 5 128.00f 173.67¢ 19.00' 3.67'% 4 2
Lsoo 351.33¢ 130.67¢ 32.67<¢ 6.00° 6 3
Laso 386.67°¢ 176.67¢ 37.33 19.67¢ 6 4
L 468.00° 216.00° 42.00> 23.33° 6 5
NLsgo 88.33g 129.67¢ 13.008" 3.67% 4 2
NL,s, 126.33f 168.33¢ 20.33f% 6.33¢f 4 3
NL )5 260.67¢ 245.00* 28.674 7.67¢ 5 3

Table 7. Effects of A. annua and L. sativum extracts and their nano-formulations on the development of
M. incognita in the root system of tomato plants. Means followed by the same letter(s) are not significantly
(P <0.05) different.

Control Asoo NAs00

Figure 3. Root galls in M. incognita infected tomato roots.

In our result, the nematicidal activity of A. annua extract could be due to the high content of chlorogenic
(5059 pg/100 mL) and rutin (5024 pg/100 mL) (Table 1). These results are in agreement with*"*>#. Furthermore,
Hung and Rohde* reported the nematicidal activity of chlorogenic acid against the larvae of M. incognita and
P, penetrans. Also, the lethal impact of L. sativum extract could be due to the high content of p-hydroxybenzoic
acid (3206 pg/100 mL) and sinapic acid (1891 pg/100 mL) (Table 1). These findings are in agreement with those
of Faizi et al.*! and Caboni et al.*2, when exposed M. incognita to kaempferol, myricetin, quercetin, and rutin.

The nematicidal activity of phenolic compounds could be explained by several mechanisms, as it could be
due to their redox properties that are responsible for their antioxidant activity**. Furthermore, the phenolic
compounds are known to be high reactive and upon oxidation yield quinones which are more toxic to invading
organisms. Some of the phytochemicals (total alkaloids, flavonoids, phenolic, saponins and tannins) are lipophilic
compounds. This trait enables them to dissolve the cytoplasmic membrane interfering with its protein structure®.

Furthermore, Chin et al.’ reported that flavonoid compounds play several roles affecting the nematode-plant
interactions. During the life cycle flavonoids act as defensive substances or signals that directly or indirectly
targeting the fitness of nematode. Generally, several studies revealed that the flavonoid compounds have mul-
tiple nematicidal mechanisms by which they can affect the nematode eggs survival, nematodes fecundity and
nematode/root attraction. However, these mechanisms still need validation studies utilizing definite flavonoid
mutants of the hosting plant.

Under laboratory condition, our results showed that the nematicidal activity of the nano-form of A. annua
and L. sativum extracts outperformed their original form (Table 2). Furthermore, there was a positive relation-
ship between nematode mortality, nano-particle concentration, and exposure time. This data agree with those
previously reported by Nazir et al.*® for Ag nano-particles. Also, our results are in agreement with Pandey* and
D’Addabbo et al.*. They reported that the aqueous extract of A. annua achieved 100% mortality of M. incognita
juveniles and a significantly inhibit the hatching of M. incognita juveniles and eggs.

Furthermore, Sharon et al.* attributed the improved nematicidal activity of nano-particles to their physical
properties such as size, shape, and homogeneity, which play a crucial role in the penetration of nematode body’s
cell wall. This effect is associated with several modes of action including the permeability of membrane, synthesis

Scientific Reports |

(2022) 12:22302 | https://doi.org/10.1038/s41598-022-26819-2 nature portfolio



www.nature.com/scientificreports/

of ATP, and oxidative stress response in both of eukaryotic cells®® and prokaryotic cells*>. Nano-particles may
have different properties from their bulk material®.

Under field condition, the presence of M. incognita had severe negative impacts on the morphological param-
eters of tomato plants. There was an overall decline in the vegetative growth parameters (Table 3). Our results
are in agreement with the previous studies of Venkatesan, et al.*®, Tiwari et al.>® and Cepulyte et al.”’. They
observed a decline in the nutrients uptake and fresh weight of plants infected with M. incognita. According to
them, the rapid multiplication of nematode population clogs the vascular pathways of plant tissues leading to
severe impairments in the metabolic activities. The infected plants tend to elongate the lateral roots to increase
the nutrient uptake from the soils®®. So, the decline in vegetative growth parameters in the present study could
be due to the damage of roots system, which lose their function in mineral translocation towards the shoot, thus
completely disrupt the plant physiology.

Soil treatment with A. annua and L. sativum extracts and their nano-formulations significantly increased
the overall vegetative growth parameters of tomato plants (Table 3). These results may be due to their ability to
suppress M. incognita infestations in both root systems and soil, through decreasing the number of galls and egg
formation (Table 7; Fig. 3). Thus increase the vegetative growth of tomato plants and stimulate the syntheses of
some biochemical metabolite such as protein, total phenol and defensive enzymes like protease, polyphenol oxi-
dase and chitinase (Fig. 2). This could be due to the induction ability of treatments, acquiring systemic resistance
in the plants. Since the released chemical compounds during decomposition have lethal effects on M. incognita
J, and nematodes multiplication. These explanations are consistent with those previously reported by Lee et al.*
and Abdel-Baset and Abdel-Monaim?.

Generally, plants containing high amounts of polyphenols are mostly being resistant to several plant
diseases®®!. This increase in total phenols could be attributed to their role in enhancing the defense capabilities
of the plants to infectious diseases and development of the pathogens. Furthermore, plants treated with abiotic
or biotic stimulators have been shown to increase the activity of defensive enzymes like catalase, polyphenol
oxidase, chitinase, and peroxidase steering, resulting in systemic resistance*®. These enzymes are involved in a
variety of biological processes, including lignin biosynthesis, degradation routes, and host defense mechanisms®.

Regarding the flowering and yield parameters, data in Table 4 show that the growth encouraging effects of A.
annua and L. sativum extracts and their nano-formulations treatments produced healthy plants with high fruit
yield and better quality (Table 5). The bright red color is the main quality parameter that determines the con-
sumer acceptance of tomato fruits. With respect to lycopene, being the responsible constituent for the distinctive
red color, all treatments induced its syntheses in tomato fruit as compared to untreated tomato plants (Table 6).
Likewise, Sharma et al.** reported lower pigment contents in nematode infected tomato plants. Generally, the
declined pigment content of infested plant may be due to the inhibition of some enzymes that play a crucial role
in the Violoxanthin pathway®. Consequently, the higher redness values (a*) of treated tomato fruits (Table 5)
reflects their improved quality status.

On the other hand, the evaluated samples showed TSS values close to those previously reported by Araujo
et al.*® and Shirahige et al.*®®, while, they found higher pH values. The pH values of tomato fruit slightly increase
during the maturing process, due to the fact that their ability to synthesize organic acids became less than the
consumption of these substances®. This means that, at the harvesting periods, the treated tomato plants still able
to synthesize such components. Although, the acidity declined during the maturity stages, whereas the sugars
increased progressively with fruits ripening®. The flavor characteristics of tomato fruits back to the combination
of TSS and acidity, thus reflecting the importance of these parameters. This means that the higher the TSS value,
the smoother the flavor of the fruit, and vice versa. Therefore, the panelists rated the control fruits lower than all
treated sample, except the taste trait (Table 6).

Commercially, post-harvest shelf life is an important quality trait for tomato fruits, which can be declined as
aresult of their rapid over-ripening®. Ripening events such as ethylene biosynthesis and cell wall modifications
control texture features of tomato fruits’’. Tomato plant treated with A. annua and L. sativum extracts showed
higher scores for the texture trait (Table 6). Pectic substances and their degradation during fruits ripening are
the key factors for texture softening of fruits®®.

Conclusion

Considering the results so far obtained, it is clear that medical plant extracts represent promising nematicide
alternatives and have potential use in crop management as an active agent against plant-parasitic nematodes. The
extracts were able to induce tomato plants towards the accumulation of defensive phytochemicals and enzymes,
acquiring systemic resistance. Both extracts present potential to revolutionize the agricultural managements
considering the economical and quality aspects of crop production.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Received: 30 July 2022; Accepted: 20 December 2022
Published online: 24 December 2022

References
1. FAO stat data. Annual statistical agriculture data for Arab Republic of Egypt C.F. statistical agriculture data of agriculture and
reform lands ministry Egypt (2019).
2. Jones, J. T. et al. Top 10 plant-parasitic nematodes in molecular plant pathology. Mol. Plant Pathol. 14, 946-961 (2013).

Scientific Reports |

(2022) 12:22302 | https://doi.org/10.1038/s41598-022-26819-2 nature portfolio



www.nature.com/scientificreports/

3. Sahebani, N., Hadavi, N. S. & Zade, E. O. The effects of f-amino-butyric acid on resistance of cucumber against root-knot nematode,
Meloidogyne javanica. J. Plant Physiol. 33, 443-450 (2011).
4. Asif, M. et al. Performance of some selected tomato cultivars for their resistance and susceptibility behaviour against root-knot
nematode, Meloidogyne incognita. Indian. ]. Nematol. 48, 125-128 (2018).
5. Zaidat, S. A. E. et al. Nematicidal activity of aqueous and organic extracts of local plants against Meloidogyne incognita (Kofoid
and White) Chitwood in Algeria under laboratory and greenhouse conditions. Egypt. J. Bioll. Pest Control 30, 1-8 (2020).
6. Cromwell, W. A,, Yang, ], Starr, J. L. & Jo, Y. K. Nematicidal effects of silver nanoparticles on root-knot nematode in bermudagrass.
J. Nematol. 46, 261 (2014).
7. lavicoli, I, Leso, V., Beezhold, D. H. & Shvedova, A. A. Nanotechnology in agriculture: Opportunities, toxicological implications,
and occupational risks. Toxicol. Appl. Pharmacol. 329, 96-111 (2017).
8. Worrall, E. A., Hamid, A., Mody, K. T., Mitter, N. & Pappu, H. R. Nanotechnology for plant disease management. Agronomy 8,
285 (2018).
9. Couvreur, P, Barratt, G., Fattal, E. & Vauthier, C. Nanocapsule technology: A review. Crit. Rev. Ther. Drug. Carrier. Syst. 19, 99-134
(2002).
10. Chitwood, D. J. Phytochemical based strategies for nematode control. Annu. Rev. Phytopathol. 40, 221-249 (2002).
11. Ali, A. A, El-Ashry, R. M. & Ramadan, M. M. Phytochemical analysis of some aqueous leaf extracts and their nematicidal activity
against Meloidogyne incognita on Pepper. Egypt. Acad. ]. Biol. Sci. 10, 133-151 (2018).
12. Saadali, B., Boriky, D., Blaghen, M., Vanhaelen, M. & Talbi, M. Alkamides from Artemisia dracunculus. Phytochemistry 58, 1083—
1086 (2001).
13. Yadav, Y. C. et al. In vivo antioxidant potential of Lepidium sativum L. seeds in Albino rats using cisplatin induced nephrotoxicity.
Int. ]. Phytomed. 2,292-298 (2010).
14. Yadav, Y. et al. In-vitro antioxidant activities of ethanolic extract of Lepidium sativum L. seeds. Int. J. Pharm. Sci. 2, 244-253 (2011).
15. Korayem, A. M., Hasabo, S. A. & Ameen, H. H. Effects and mode of action of some plant extracts on certain plant parasitic nema-
todes. Anz. Schédlingskund. Pfl. Umwel. 66, 32-36 (1993).
16. Oka, Y., Ben-Daniel, B. & Cohen, Y. Nematicidal activity of the leaf powder and extracts of Myrtuscom munis against the root-knot
nematode Meloidogyne javanica. Plant Pathol. 61, 1012-1020 (2012).
17. Shakil, N. A, Prasad, D., Saxena, D. B. & Gupta, A. K. Nematicidal activity of essential oils of Artemisia annua against root-knot
and reniform nematodes. Ann. Plant Prot. Sci. 12, 397-402 (2004).
18. Dias, C. R,, Schwan, A. V., Ezequiel, D. P,, Sarmento, M. C. & Ferraz, S. Effect of aqueous extracts of medicinal plants on the survival
of juveniles of Meloidogyne incognita. Nematol. Bras. 24, 203-210 (2000).
19. Ojaghian, M. R. et al. Anti-fungal and SAR potential of crude extracts derived from neem and ginger against storage carrot rot
caused by Sclerotinia sclerotiorum. Ind. Crops. Prod. 55, 130-139 (2014).
20. Kiraly, L., Barna, B. & Kiraly, Z. Plant resistance to pathogen infection: Forms and mechanisms of innate and acquired resistance.
J. Phytopathol. 155, 385-396 (2007).
21. Thakur, M., Bhattacharya, S., Khosla, P. K. & Puri, S. Improving production of plant secondary metabolites through biotic and
abiotic elicitation. J. Appl. Res. Med. Aromat. Plants 12, 1-12 (2019).
22. Abdel-Basat, S. & Abdel-Monaim, M. Nematicidal potential of some natural botanical extracts in biocontrolling Meloidogyne
javanica on soybean under laboratory and greenhouse conditions. Egypt. J. Agronematol. 19, 1-18 (2020).
23. Eisenback, J. D. & Hunt, D. J. General morphology. In Perry Roland N, Moens Maurice, Root-Knot Nematodes (ed. StarrJames, L.)
18-54 (CABI Wallingford, 2009).
24. Hussey, R. S. & Barker, K. R. A comparison of methods of collecting inocula of Meloidogyne spp. including a new technique. PLos.
Dis. Rep. 571, 025-1028 (1973).
25. Gémez-Gonzalez, G. et al. egg extraction in NaOCI versus infectivity of inoculum on cucumber. J. Nematol. 53, 1-8 (2021).
26. Barker, T. R. Nematode extraction and bioassays. In An Advanced Treatise on Meloidogyne Vol 2 (eds Barker, T. R. et al.) 19-35
(North Carolina University, 1985).
27. Zhang, Y. et al. Preparation, characterization and biocompatibility of poly (ethylene glycol)-poly(n-butyl cyanoacrylate) nano-
capsules with oil core via miniemulsion polymerization. Eur. Polym. J. 44, 1654-1661 (2008).
28. Mukhtar, T., Kayani, M. Z. & Hussain, M. A. Nematicidal activities of Cannabis sativa L. and Zanthoxylum alatum Roxb against
Meloidogyne incognita. Ind. Crops Prod. 42, 447-453 (2013).
29. Abbott, W. S. A method of computing the effectiveness of an insecticide. J. Econ. Entomol. 18, 265-267 (1925).
30. Lowry, O. H., Rosebrough, N. ], Farr, A. L. & Randall, R. J. Protein measurement with folin phenol reagent. J. Boil. Chem. 193,
265-275 (1951).
31. Saikia, S., Mahnot, N. K. & Mahanta, C. L. Phytochemical content and antioxidant activities of thirteen fruits of Assam, India.
Food Biosci. 13, 15-20 (2016).
32. Vamos-Vigyazo, L. & Nadudvari-Markus, V. Enzymatic browning, polyphenol oxidase and peroxidase in pearcultivars. Acta Ali-
ment. 11, 157-164 (1982).
33. Han, X. & Damodaran, S. Isolation, identification, and fermentation of a Bacillus species producing a detergent-stable endopepti-
dase. J. Agric. Food Chem. 45, 4191-4195 (1997).
34. Rustiguel, C. B., Jorge, J. A. & Guimaries, L. H. S. Optimization of the chitinase production by different Metarhizium anisopliae
strains under solid-state fermentation with silkworm chrysalis as substrate using CCRD. Adv. Microbiol. 2, 268 (2012).
35. AOAC, Association of Official Analytical Chemists. Official Methods of Analysis of the AOAC International No. 994.12. 19th Edn,
Revision. 19th Chapter 4, 18-19, Official Journal of the European Communities 19.9.98, Gaithersburg, Maryland, USA (2012).
36. Beerh, O. P. & Siddappa, G. S. A rapid spectrophotometric method for the detection and estimation of adulterants in tomato
ketchup. Food Technol. 13, 414-418 (1959).
37. Fish, W. W, Perkins-Veazie, P. & Collins, J. K. A quantitative assay for lycopene that utilizes reduced volumes of organic solvents.
J. Food. Comp. Anal. 15, 309-317 (2002).
38. Araujo, J. C. et al. Physico-chemical and sensory parameters of tomato cultivars grown in organic systems. Hortic. Bras. 32, 205-209
(2014).
39. Sharma, S. B., Mohiuddin, M., Jain, K. C. & Remanandan, P. Reaction of pigeonpea cultivars and germplasm accessions to the
root-knot nematode, Meloidogyne javanica. J. Nematol. 26, 644-652 (1994).
40. Puntener, W. Manual for field trials in plant protection-Basle, Switzerland: Agric Division, Ciba Geigy Limited 205 (1981).
41. Faizi, S. et al. Isolation of nematicidal compounds from Tagetes patula L. yellow flowers: Structure-activity relationship studies
against cyst nematode Heterodera zeae infective stage larvae. J. Agric. Food Chem. 59, 9080-9093 (2011).
42. Caboni, P. et al. Nematicidal activity of mint aqueous extracts against the root-knot nematode Meloidogyne incognita. J. Agric.
Food Chem. 61, 9784-9788 (2013).
43. Denaxa, N. K., Tsafouros, A. & Roussos, P. A. Role of phenolic compounds in adventitious root formation. In Environmental,
Physiological and Chemical Controls of Adventitious Rooting in Cuttings 251-288 (Academic Press, 2023).
44. Hung, C. L. & Rohde, R. A. Phenol accumulation related to resistance in tomato to infection by rootknot and lesion nematodes.
J. Nematol. 5, 253-258 (1973).
45. Pinho, ], Rodrigues, A. & Dibb, S. The role of corporate culture, market orientation, and organizational commitment in organi-
zational performance. J. Manage. Dev. 33, 374-398 (2014).
Scientific Reports|  (2022) 12:22302 | https://doi.org/10.1038/541598-022-26819-2 nature portfolio



www.nature.com/scientificreports/

46.

47.
48.

49.
50.

51.
52.

53.

54.
. Venkatesan, M., Gaur, H. & Datta, S. Effect of root-knot nematode, Meloidogyne graminicola on the uptake of macronutrients and

56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.

Pavaraj, M., Bakavathiappan, G. & Baskaran, S. Evaluation of some plant extracts for their nematicidal properties against root-knot
nematode, Meloidogyne incognita. J. Biopestic. 5, 106-110 (2012).

Chin, S., Behm, C. A. & Mathesius, U. Functions of flavonoids in plant-nematode interactions. Plants 7, 85 (2018).

Nazir, K., Mukhtar, T. & Javed, H. In vitro effectiveness of silver nanoparticles against root-knot nematode (Meloidogyne incognita).
Pak. J. Zool. 51, 2077-2083 (2019).

Pandey, R. Studies on phytonematotoxic properties in the extract of some medicinal and aromatic plants. Int. Nematol. Netw.
Newsl. 7, 19-20 (1990).

D’Addabbo, T., Carbonara, T. & Argentieri, M. P. Nematicidal potential of Artemisia annua and its main metabolites. Eur. J. Plant
Pathol. 137, 295-304 (2013).

Sharon, M., Choudhary, A. K. & Kumar, R. Nanotechnology in agricultural diseases and food safety. J. Phytol. 2, 83-92 (2010).
Ahamed, M. et al. Silver nanoparticles induced heat shock protein 70, oxidative stress and apoptosis in Drosophila melanogaster.
Toxicol. Appl. Pharmacol. 242, 263-269 (2010).

Lim, D., Roh, J. Y., Eom, H. J,, Hyun, J. W. & Choi, J. Oxidative stress-related PMK-1 P38 MAPK activation as a mechanism for
toxicity of silver nanoparticles to reproduction in the nematode Caenorhabditis elegans. Environ. Toxicol. Chem. 31, 585-592 (2012).
Roduner, E. Size matters: Why nanomaterials are different. Chem. Soc. Rev. 35, 583-592 (2006).

arsenic and plant growth of rice. Vegetos 26, 112-120 (2013).

Tiwari, S., Pandey, S., Chauhan, P. S. & Pandey, R. Biocontrol agents in co-inoculation manages root knot nematode [Meloidogyne
incognita (Kofoid & White) Chitwood] and enhances essential oil content in Ocimum basilicum L.. Ind. Crop Prod. 97, 292-301
(2017).

Cepulyte, R., Danquah, W. B., Bruening, G. & Williamson, V. M. Potent attractant for root-knot nematodes in exudates from
seedling root tips of two host species. Sci. Rep. 8, 1-10 (2018).

Shane, M. W. & Lambers, H. Systemic suppression of cluster-root formation and net P-uptake rates in Grevillea crithmifolia at
elevated P supply: A proteacean with resistance for developing symptoms of ‘P toxicity’. J. Exp. Bot. 57, 413-423 (2005).

Lee, S. H. et al. Potential antioxidant activates of enzymatic digests from Benthic diatoms, Achnanthes longipes, Amphora coffeae-
formis, and Navicula sp. (Bacillariophyceae). J. Food Sci. Nutr. 12, 166-175 (2008).

Malik, C. P. & Singh, M. B. Estimation of Total Phenols in Plant Enzymology and Histo-Enzymology 1-286 (Kalyani Publishers,
1980).

Attia, M. M. R. Induction of systemic resistance in tomato plants against root-knot nematode, Meloidogyne incognita (passemu-
raille) with , amino butyricacid. Plant Protec. Pathol. 10, 497-503 (2019).

Ananieva, E. A., Christov, K. N. & Popova, L. P. Exogenous treatment with salicylic acid leads to increased antioxidant capacity
in leaves of barley plants exposed to paraquat. Plant. Physiol. 161, 319-328 (2004).

Davies, M. J., Hawkins, C. L., Pattison, D. I. & Rees, M. D. Mammalian heme peroxidases: From molecular mechanisms to health
implications. Antioxid. Redox. 10, 1199-1234 (2008).

Sharma, M., Jasrotia, S., Ohri, P. & Manhas, R. K. Nematicidal potential of Streptomyces antibioticus strain M7 against Meloidogyne
incognita. AMB Express 9, 168 (2019).

Vasileva, L. et al. Photosynthetic pigments of tomato plants under conditions of biotic stress and effects of furostanol glycosides.
Appl. Biochem. Microbiol. 39, 606-612 (2003).

Shirahige, E H., de Melo, A. M., Purquerio, L. E. V,, Carvalho, C. R. L. & de Melo, P. C. T. Productivity and quality of Santa Cruz
and Italian tomatoes in fruit thinning operatio. Hortic. Bras. 28, 292-298 (2010).

Loro, A. C., Botteon, V. W. & Spoto, M. H. E. Quality parameters of tomatoes submitted to different doses of gamma radiation.
Braz. ]. Food Technol. 21, 25 (2018).

Toor, R. K., Savage, G. P. & Heeb, A. Influence of different types of fertilizers on the major antioxidant components of tomatoes.
J. Food Compos. Anal. 19, 20-27 (2006).

Thole, V. Analysis of tomato post-harvest properties: Fruit color, shelf life, and fungal susceptibility. Cur. Protoc. Plant Biol. 5,
€20108 (2020).

Causse, M., Damidaux, R. & Rousselle, P. Traditional and enhanced breeding for quality traits in tomato. In Genetic Improvement
of Solanaceous Crops: Tomato (eds Razdan, M. K. & Mattoo, A. K.) 153-192 (Science Publ, 2007).

Author contributions

A.AM.: writing—original draft; data curation; review and editing. H.M.A.: conceptualization; methodology;
review and editing. S.M.E.-S.: cultivation plant; writing—review. D.A.Y.: writing—review. S.A.N.: methodology;
writing—review. G.M.S.: writing—original draft; investigation; data curation.

Funding

Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coop-
eration with The Egyptian Knowledge Bank (EKB). The authors gratefully acknowledge the National Research
Center, Egypt fund (Project No.E120705) for their financial support of this work.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.M. or H.M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:22302 | https://doi.org/10.1038/s41598-022-26819-2 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022) 12:22302 | https://doi.org/10.1038/s41598-022-26819-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Nematicidal activity of sweet annie and garden cress nano-formulations and their impact on the vegetative growth and fruit quality of tomato plants
	Methods
	Preparation of root-knot nematode culture. 
	Preparation of Aqueous plant extracts. 
	Estimation of bioactive compounds. 
	Preparation of nano-emulsions. 
	Transmission electron microscopy of nano-emulsion. 
	Estimation of nematicidal activity. 
	Juvenile mortality. 

	Field experiment. 
	Vegetative growth parameters. 
	Biochemical parameters of tomato plants. 
	Protein estimation. 
	Total phenol contents determination. 
	Enzyme extraction. 
	Polyphenol oxidase activity. 
	Protease activity. 
	Chitinase activity. 

	Flowering and fruit yield parameters. 
	Fruit quality parameters. 
	Lycopene extraction and determination. 
	Color of tomato fruits. 
	Sensory evaluation. 

	Nematode damage of tomato root system. 
	Statistical analysis. 
	Ethical approval. 

	Results
	Phenolic compounds of A. annua and L. sativum extracts. 
	Morphological characteristics of A. annua and L. sativum Nano-emulsions. 
	Nematicidal activity of A. annua and L. sativum extracts. 
	Vegetative growth parameters of tomato plants. 
	Biochemical parameters of tomato plants. 
	Flowering and fruit yield parameters of tomato plants. 
	Fruit quality parameters. 
	Organoleptic properties of tomato fruits. 
	Nematode damage of tomato root system. 

	Discussion
	Conclusion
	References


