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Abstract  Due to the damaging effects of root-knot 
nematodes on crops and the dangerous effects of 
chemical nematicides on both people and the environ-
ment in Egypt, the purpose of this study was to assess 
the power of polysaccharides and polyphenol extracts 
as well as their nano-forms from marine algae (Lau-
rencia papillosa and Dilophys fasciola) used as eco-
friendly alternatives for the control of Meloidogyne 
incognita. The nano-forms of algal extracts efficiently 
suppressed M. incognita egg hatching and increased 

juvenile mortality compared to the control. The tested 
treatments effectively decreased galls and egg masses 
of tomato roots compared to the control in the field. 
Dilophys fasciola extract and its nano-form showed 
promising nematicidal activity compared to L. pap-
illosa extract. Generally, algal treatments boosted 
tomato plant defense system against M. incognita by 
triggering the production of some biochemical con-
stituents such as phenolic compounds, polyphenol 
oxidase and chitinase enzymes. Consequently, the 
productivity and quality parameters of tomato fruits 
significantly increased.

Keywords  Root-knot nematodes · Laurencia 
papillosa · Dilophys fasciola · Polysaccharides · 
Polyphenol extract · Meloidogyne incognita

Introduction

In Egypt, tomato (Solanum lycopersicum) is the most 
widely planted and utilized vegetable crop. Tomato 
yield loss due to root-knot nematodes was between 
24 and 38% (El-Nagdi et al., 2019; Ong et al., 2020). 
Plant nematode control involves various chemical 
nematicides that have environmental consequences 
for humans and animals. The usage of such chemical 
substances is subject to numerous cautions and rules 
(Abd-Elgawad & Askary, 2015; Saad et  al., 2019). 
Root-knot nematodes are economically important 
pest and obligate plant parasites with a high degree 
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of adaptation (Archidona-Yuste et  al.,  2018; Khalil 
et al., 2022; Niu et al., 2020). They cause yield losses 
in many plant species, particularly within tropical and 
subtropical agriculture (Chen and Song 2021; Kayani 
et al., 2018).

In recent years, commercial bio-control prepara-
tions against root-knot nematodes have been devel-
oped as eco-friendly and safer for humans. Organic 
algae derivatives are an innovative way to decrease 
the utilization of dangerous nematicides and have a 
substantial impact on controlling and inhibiting plant 
nematode infestation (Hamouda & El-Ansary, 2017; 
El-Ansary & Hamouda, 2014)  and prevent the usage 
of dangerous chemicals harming ecosystems. Marine 
algae are rich in compounds which have been inves-
tigated as biocidal and medicinal agents (Blunden, 
1991; Craigie, 2011). Some of the substances includ-
ing agar, carrageenan, carotenes, alginic acids, bro-
mine-containing alkaloids, acetogenins, and phenolic 
compounds, showed a pesticidal effect (Asimakis 
et al., 2022; Fenical, 1982; Ibañez & Cifuentes, 2013; 
Wang et al., 2014). In addition, nematode resistance 
of vegetables, fruits, and other crops has been stimu-
lated by the application of marine algae (Ara et  al., 
2002; Silva et al., 2004; Wu et al., 1997).

Phenolic compounds play a role in plant defense 
since they have great potential against nematodes 
(Ohri & Pannu, 2010). Rajesh et al. (1985) studied the 
nematicidal activity of phenolic compounds and their 
effect on hatching of Meloidogyne incognita eggs. 
Trans-cinnamic acid had the highest nematicidal 
activity, followed by pyrogallol, 2-hydroxynapthoic 
acid, and ethyl gallate. Ferulic acid and caffeic acid 
were also highly effective against M. incognita juve-
niles. Numerous enzymes, such as polyphenol oxi-
dase, protease, and chitinase, have been related to 
nematode reduction, activating plant defense and their 
function in plants’ defense mechanisms (Mohammad 
et al., 2022; Ojaghian et al., 2014).

On the other hand, the widespread application 
and beneficial use of nanotechnology in a variety 
of applications have triggered the interest of agri-
cultural experts, who are working to modernize the 
agricultural sector through Agri-nanotechnology 
(Worrall et  al., 2018), including improved nutrient 
uptake, improved plant pathogen control, long-term 
absorption of agricultural products, and enhanced 
plant development (Nikoo et al., 2014; Prasad et al., 
2017a, b; Singh et  al., 2021; Zhang et  al., 2008). 

The creation of nano-particles by biological sys-
tems such as microbes, polysaccharides, plants, and 
algae is gaining popularity due to their ease of use 
and environmental friendliness when compared to 
physical and chemical methods, showing increased 
toxicity against the targeted pests (Abdellatif et al., 
2016; Benelli et al., 2017).

In addition, nano-sized formulations can effi-
ciently deliver the active components into pest and 
minimise the active doses, control the release of 
active ingredients and effectively prolong the con-
trol period (El Wakeil et al., 2017). Therefore, this 
research aimed to develop sustainable bio-control 
approaches by employing marine algae extracts and 
their nano-forms to protect tomato plants against 
nematode infestation and improve the productivity 
and quality of tomatoes under protected cultivation.

Materials and Methods

Dilophys fasciola (Roth) was collected from the 
Mediterranean Sea in Marsa Matrouh governo-
rate in August 2019, and Laurencia papillosa (C. 
Agardh) was collected from the Suez Gulf’—Ein 
Al-Sokhna region in April 2020. The collected 
material was identified by Dr. Rohiya Abdel-Latif, 
professor in the Department of Botany in the Fac-
ulty of Science et al.-Azhar University in Egypt. All 
algal samples were washed in water and dried in 
shade. The dried samples were ground in a grinder 
(Braun) for approximately then passed through a 
sieve with a mesh aperture of 600 µm in diameter, 
and then kept at room temperature in glass contain-
ers until future analysis.

Ten infested tomato roots were collected from 
the Experimental and Production Station of the 
National Research Centre, El-Noubaria region, 
Beheira Governorate, north Egypt. Meloidogyne 
incognita infested roots were identified through 
light microscopic examination of the female’s per-
ennial pattern according to Moens et  al. (2009). 
The infested roots were cut into 2  cm-long pieces 
and incubated in water at room temperature for 
hatching. Active second-stage juveniles (J2S) were 
collected and maintained at the Plant Pathology 
Department, National Research Centre, as a source 
of M. incognita eggs and juveniles.
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Preparation of algal extracts

Dried seaweed powder of L. papillosa (1  kg) was 
heated in distilled water (1:3 w:v) at 90 °C for 12 h. 
This process repeated three times. The mixture was 
filtered through Whatman No. 54 filter paper (diam-
eter 90 mm, pore size 22 µm) and poured into 3 L of 
absolute ethanol to precipitate the polysaccharides. 
The obtained precipitate was collected by centrifu-
gation at 10,000 rpm and dried at 60 °C (Abdelhafez 
et  al., 2022). The dried polysaccharide extract was 
packed and kept frozen (-20  °C) for further experi-
mental analysis.

Dilophys fasciola powder (1 kg) was extracted with 
methanol (1:3 w:v) at room temperature overnight. 
This process repeated three times to ensure maximum 
efficiency in the extraction process. The mixture was 
then filtered through Whatman filter paper No. 54 
(diameter 90  mm, pore size 22  µm) and evaporated 
under vacuum at 40 °C using a rotary evaporator. The 
dried extract was packed and kept frozen (-20 °C) for 
further experimental analysis.

HPLC analysis of D. fasciola extract

Phenolic compounds of D. fasciola were identi-
fied using HPLC (Agilent 1100 series coupled with 
UV–Vis detector (G1315B) and degasser (G1322A) 
according to Ben-Hammouda et  al. (1995).The 
sample (5 μL) was injected with an Agilent 1100 
series automatic sampler. Chromatographic separa-
tions were performed on a ZORBAX-Eclipse XDB- 
C18 column (4.6 × 250  mm, particle size 5  μm). 
A constant flow rate of 1  mL/min was used with 
a mobile phase which consisted of (A) 0.5% ace-
tic acid in distilled water at pH 2.65; and (B) 0.5% 
acetic acid in 99.5% acetonitrile. The elution gradi-
ent was linear starting with (a) and ending with (b) 
over 50 min, using a UV detector set to wavelength 
280 nm. HPLC analysis of the algal extract was car-
ried out in triplicate and the phenolic compounds 
were identified by comparing the relative retention 
time and spectral matching with the reference mate-
rials, Gallic acid, pyrogallol, 4-amino- benzoic acid, 
ferulic acid, catechin, chlorogenic acid, catechol, 
ellagic acid, caffeine, p-hydroxy benzoic acid, caf-
feic acid, vanillic acid, p-coumaric acid, salicylic 
acid, naringin, hesperidin, apigenin-6-arabinose-
8-galactose, apigenin-6-rhamnose-8-glucose, rutin, 

rosmarinic acid, kaempferol-3-(2- p-coumaroyl) 
glucose, apigenin-7-glucose, naringenin, querce-
tin, kaempferol and apigenin were purchased from 
Sigma–Aldrich, Inc. (Louis, USA).

For quantification of phenolic compounds, 
increasing concentrations of each standard in meth-
anol in the range of 0.25–1 mg/mL were prepared. 
The corresponding calibration curves fitted with 
the trend line equation were obtained by plotting 
the concentration as the independent (x) and the 
peak area as the dependent (y) variables. The con-
centration of each phenolic compound was calcu-
lated using the corresponding trend line equation. 
The samples were analyzed in the Central Lab of 
the National Research Center-Cairo -Egypt (Chro-
matography Lab). These parameters and the whole 
methodology parameters are owned by the lab team.

Preparation of algal extracts nano‑suspension

Two algae extracts (L. Papillosa and D. fasciola) 
nano-forms were prepared utilizing the micro-mini-
emulsion polymerization technique outlined by 
Youssef and Abdelmegeed (2021) and Zhang et al. 
(2008).The process was used to create the poly-
ethylene glycol (PEG) loaded nano-emulsions. 
The algal extracts were diluted and dropped into a 
1:1 (v/v) ratio of polyethylene glycol solution (3% 
v/v) at room temperature while being continuously 
mechanically stirred. An ultrasonic cleaning set 
(model WUC-DO3H, 290W, 60  Hz) was used to 
sonicate the suspension for 60  min before a high-
energy ultra-sonication probe was used for 3  min 
(model VCX750, 750W, 20  kHz). Overnight, the 
loaded nanocapsule suspension was changed.

Transmission Electron Microscopy (TEM) of 
nano‑forms

Two nano-capsule suspensions were placed in a cop-
per grid after being diluted with distilled water that 
had been coated with carbon before being studied 
and photographed at high magnification (20000X). 
Transmission Electron Microscopy (TEM) was used 
to examine the morphological shapes of the pre-
pared nano-forms (Jeol, JEM-2100).
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Preparation of M. incognita eggs and juveniles

Ten tomato roots from pure culture were extracted by 
sodium hypochlorite (0.5%) for three min. The liquid 
egg suspension was passed through a 500-mesh sieve. 
The number of extracted eggs was 10,000 obtained 
from egg masses (Hussey & Barker, 1973).The 
obtained eggs (10,000) were divided into two parts: 
one part was used for egg hatchability, and the other 
was incubated in water at a temperature of 25 ± 5 °C 
for hatching. The newly hatched J2S were used for J2 
mortality bioassay.

Effect of algal extract and their nano‑forms on M. 
incognita egg hatchability

The activity of algal polyphenols (APP) and algal 
polysaccharides (APS) at concentrations of 12.5 
(APP1 and APS1) and 6.25  g/100  mL (APP2 and 
APS2) as well as their nano-forms (ANPS1, ANPS2, 
ANPP1, and ANPP2) against M. incognita egg hatch-
ing was evaluated according to Yang et  al. (2016). 
One mL of M. incognita egg suspension containing 
about 100 ± 5 eggs was added to a test tube contain-
ing 4  mL of algal extract. Distilled water with egg 
suspensions was used as the control. All test tubes 
were maintained at room temperature (25 ± 5 °C) for 
seven days of exposure. Hatched eggs were counted 
under a light microscope using a Hawksley slide. All 
treatments were done in five biological replicates, and 
the relative suppression rate was calculated as follows

Effect of algal extract and their nano‑forms on M. 
incognita juvenile mortality

The effects of algal extracts and their nano-forms on 
the mortality of M. incognita juveniles were exam-
ined. In a test tube containing 4 mL of algal extract 
(APS1, APS2, ANPS1, ANPS2, APP1, APP2, 
ANPP1, and ANPP2) and 1 mL of nematode suspen-
sion containing 100 ± 5 J2s were added. Plain water 
with J2 suspensions was used as the control. The 
tubes were incubated at 25  °C ± 5  °C and the num-
ber of deceased juveniles was counted using a light 
microscope and a Hawksley counting slide after 24 
and 48 h of exposure. Nematodes were considered to 

The relative suppression rate(%) =
J2counts in control − J2counts in treatment

J2counts in control
× 100

be alive if they moved or assumed a winding shape, 
and lifeless if they remained still after being touched 
with a fire needle (Mukhtar et al., 2013). Dead nema-
tode count has been annotated following two expo-
sure times (24 and 48 h) and the percentage of juve-
nile mortality was calculated according to Abbott’s 
Formula (1925):

After 48 h of exposure, the juveniles were rinsed 
with distilled water to reverse the effects of the treat-
ments and then transferred to distilled water for a 
further 24  h, where after recovery percentages were 
calculated.

Greenhouse experiment

Soil analysis

The experiment was carried out in an infested green-
house at the Experimental and Production Station of 
the National Research Centre, El-Noubaria region, 
Beheira Governorate, north of Egypt. Physical and 
chemical properties as well as the initial population 
of M. incognita of the greenhouse soil were examined 
before transplanting. The soil was sandy (73.86% 
sand, 6.78% clay and 19.36% silt, pH 8.09, EC 2.49 
d.sm−1). The initial population of M. incognita was 

estimated to be 780 J2/250 mL soil.

Cultivation and treatment of seedlings

Tomato plants (Solanum lycopersicum Mill. cv. CH7) 
were transplanted into the greenhouse in September 
2020 and in the 2021 seasons. Complete randomized 
lock designs were used to organize the experiment 
with five replicates for each block. All agriculture 
practices were performed as recommended by Egyp-
tian Ministry of Agriculture and Land Reclamation, 
for tomato cultivation. 200 units of N2 60 units of 
P2O5, and 100 units of K2O/acre were used to fer-
tilize the plants. After three days of cultivation, the 

Juvenile mortality(%) =

%mortality in treatment − %mortality in control

100 − %mortality in control
× 100
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treatments (Table 1) were applied at a rate of 100 mL/
seedling as a soil drench into holes created around the 
plants.

Estimation of biochemical parameters

Biochemical parameters in terms of enzyme activ-
ity (chitinase and polyphenol oxidase), total phenol 
content and total sugar content were estimated at one 
month after the treatment.

For total phenol and sugar content, fresh leaves 
(1  g) from each treatment were homogenized in 
10  mL of 80% methanol and stirred for 15  min at 
70  °C. Total phenolic content was determined using 
Folin–Ciocalteu method according to Saikia et  al. 
(2016). The results were expressed as milligrams of 
catechol equivalent per 100 g (mg CE/100 g). Sugar 
content was estimated as described in the procedure 
of Dubios et al. (1956).

To determine enzymatic activities, crude enzyme 
extract was prepared according to McCord and Fri-
dovich(1969) by homogenizing 1 g of chopped leaves 
from each treatment in 40  ml of phosphate buffer. 
The extracts were centrifuged at 10,000  rpm for 
10 min at 4 °C. Chitinase activity was assessed using 
the artificial substrate 4-nitrophenyl-N-acetyl-β-D-
glucosaminide (0.1%) in 0.05 M phosphate buffer at 
pH 5.8 according to Rustiguel (2012).The activity 
of polyphenol oxidase was measured according to 

Vamos-Vigyazo and Nadudvari-Markus (1982) using 
0.5 mL of crude enzyme extract and 1 mL of catechol 
(0.05  M) as the substrate in 2.5  mL of phosphate 
buffer (0.1 M, pH 7.0). The absorbance was measured 
at a consistent period of 30 s at 540 nm.

Growth parameters

Sixty-five days after transplantation, five plants were 
randomly chosen to estimate the vegetative growth 
parameters (number of leaves, branch count and plant 
height), number of clusters, number of fruit weight, 
fruit yield per plant, and fruit yield per acre.

Fruit quality parameters

In the mid of the fruit harvest, five tomato plants 
were randomly selected from each treatment and 
the average of fruit diameter (cm) and weight (g) 
were determined. Total soluble solids (TSS) were 
measured in fruit juice using a hand refractom-
eter according to AOAC (2012). The total phenolic 
content of tomato fruits was determined using 
the Folin–Ciocalteau method according to Sai-
kia et  al. (2016). Lycopene within tomato fruits 
was extracted according to Beerh and Siddappa 
(1959) and the absorbance of the obtained extract 
was measured at 503  nm. The lycopene content 
of each sample was then calculated according to 

Table 1   Scheme of 
the treatments and their 
abbreviations

Thesis No Treatment full name Dose Treatment 
abbrevia-
tion

1 Untreated control Untreated UTC​
2 Treated control (Vydate, oxamyl nematicide) 3 mL/L Vydate
3 Algal polysaccharides Stock (S) 12.5 g/100 mL APS1
4 Algal polysaccharides(S/2) 6.25 g/100 mL APS2
5 Algal polysaccharides(S/4) 3.12 g/100 mL APS3
6 Algal nano-polysaccharides Stock 12.5 g/100 mL ANPS1
7 Algal nano-polysaccharides(S/2) 6.25 g/100 mL ANPS2
8 Algal nano-polysaccharides(S/4) 3.12 g/100 mL ANPS3
9 Algal polyphenols Stock 12.5 g/100 mL APP1
10 Algal polyphenols(S/2) 6.25 g/100 mL APP2
11 Algal polyphenols (S/4) 3.124 g/100 mL APP3
12 Algal nano-polyphenols Stock 12.50 g/100 mL ANPP1
13 Algal nano-polyphenols (S/2) 6.23 g/100 mL ANPP2
14 Algal nano-polyphenols (S/4) 3.124 g/100 mL ANPP3
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Fish et  al. (2002). The colour parameters L*, a*, 
and b* values of tomato fruits, which represent 
light–dark spectrum with a range from 0 (black) to 
100 (white), the green–red spectrum with a range 
from—60 (green) to + 60 ( red) and the blue-yel-
low spectrum with a range from—60 (blue) to + 60 
(yellow) dimensions, respectively were recorded 
using Hunter Lab with the CIE colour scale 
(Hunter, Lab scan XE).

Sensory evaluation of tomato fruits

The flavour, pericarp colour, internal colour, and 
texture of tomato samples were assessed by ten 
panelists according to Araujo et  al. (2014). A 
piece of tomato for each fruit sample was intro-
duced to the panelists in a coded white plastic cup. 
The 7-point hedonic scale, which includes seven 
classes: 1 (extremely disliked), 2 (very disliked), 3 
(disliked), 4 (neither liked nor disliked), 5 (liked), 
6 (highly liked), and 7 (extremely liked), was used 
to grad the samples.

Nematode damage of tomato root system

After carefully washing the root with tap water, the 
total number of galls and egg mass per 5 g of root was 
measured and classified on a scale from 0 to 10 as 
described by Sharma et al. (1994) and Barker (1985). 

Statistical analysis

Data were subjected to analysis of variance (ANOVA) 
and significant means separated by Duncan’s Multiple 
Range Test (DMRT) at p ≤ 0.05 levels using the Com-
puter Software Statistical Package (CO-STATE) User 
Manual, Version 3.03, Barkley Co., USA. The aver-
age of replicates from two seasons was used to repre-
sent the means (As a two-season analysis combined).

Results

Phenolic and flavonoid profile of D. fasciola extract

HPLC analysis showed that the methanolic extract of 
D. fasciola was composed of twenty-six phenolic and 
flavonoid compounds. The most abundant phenolic 
compounds were ellagic acid (170.56  µg/100  mL) 
followed by pyrogallol (107.07 µg/100 mL) and chlo-
rogenic acid (63.09  µg/100  mL), while gallic acid 
(2.13 μg/100 mL) presented less abundant (Table 2). 

Morphological shapes of algal nano polysaccha-
rides and nano polyphenols.

The developed nano-capsules of L. papillosa poly-
saccharides and D. fasciola polyphenol compounds 
were spherical with smooth surfaces and their parti-
cle sizes varied between 50 and 100 nm (Fig. 1). In 
the micro-mini-emulsion polymerization technique, 
the core-and-shell capsules were developed due to 

Table 2   Phenolic and 
flavonoid profile of 
Dilophys fasciola extract

Compound Concentration
(µg /100 mL)

Compound Concentration
(µg /100 mL)

Gallic acid 2.13 ± 0.05 Salicylic acid 12.54 ± 0.29
Pyrogallol 107.07 ± 2.47 Naringin 21.64 ± 0.5
4-amino- benzoic 4.39 ± 0.1 Hesperidin 31.84 ± 0.74
Ferulic acid 38.45 ± 0.89 Apig.6-arabinose-8-galactose 20.43 ± 0.47
Catechin 37.56 ± 0.87 Apig.6-rhamnose-8-glucose 1.04 ± 0.02
Chlorogenic acid 63.09 ± 1.46 Rutin 12.84 ± 0.3
Catechol 2.40 ± 0.06 Rosmarinic acid 3.31 ± 0.08
Ellagic acid 170.56 ± 3.94 Kaemp.3-(2- p-coumaroyl) glucose 35.89 ± 0.83
Caffeine 13.72 ± 0.32 Apigenin-7-glucose 7.81 ± 0.18
p-OH- benzoic acid 51.32 ± 1.19 Naringenin 6.82 ± 0.16
Caffeic acid 7.56 ± 0.17 Quercetin 8.45 ± 0.20
Vanillic acid 36.01 ± 0.83 Kaempferol 8.57 ± 0.21
Coumarin 19.04 ± 0.44 Apigenin 3.76 ± 0.09
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continuous mechanical stirring. PEG represents the 
outer shell, and the algal extract represents the inner 
core.

Nematicidal activity of algal extracts under 
laboratory conditions

Suppression of M. incognita egg hatching

The suppression activity of L. papillosa polysac-
charides and D. fasciola polyphenol and their nano-
forms at concentrations of 12.5 and 6.25% respec-
tively, against M. incognita egg hatching is presented 
in Table 3. Data show that both marine algal extracts 
significantly (p ≤ 0.05) suppressed M. incognita eggs 
hatching. APP extract was more effective against M. 
incognita egg hatching than APS extract. By apply-
ing D. fasciola extract, APP1 and APP2 seem to 
work better, reaching suppression rates of 71.43 and 
58.16% respectively, compared to 67.35 and 53.06% 
for APS1 and APS2. The nano-forms of both extracts 
(ANPP and ANPS) outperformed their original 
forms. ANPP1 achieved the highest suppression of 
M. incognita eggs followed by the ANPS1, which 
yielded 87.76 and 85.71%, respectively. Generally, D. 
fasciola extract and its nano-form produced the best 
suppression of egg hatching.

Mortality of M. incognita J2

The effect of L. papillosa polysaccharides and D. 
fasciola polyphenols and their nano-forms on M. 
incognita J2 mortality are presented in Table 4. Data 
show that both algal extracts significantly (p ≤ 0.05) 
increased the mortality of J2s. Moreover, the mortal-
ity bioassay revealed a positive relationship between 

Fig. 1   Nano-forms of polysaccharides from Laurencia papillosa (a) and polyphenols from Dilophys fasciola (b) at the transmission 
electron microscopy

Table 3   Suppression activity of algal extracts and their nano-
forms against M. incognita eggs

* For the full names of the treatments see Table 1 in the Mate-
rial and Methods section
Means followed by the same letter(s) are not significantly dif-
ferent according to the Duncan test at p ≤ 0.05

Treatment* No. of hatched eggs 
(J2)
after 7 days

Relative 
suppression 
rate %

UTC​ 98.00a –-
APS1 32.00d 67.35
APS2 46.00b 53.06
ANPS1 14.00 h 85.71
ANPS2 19.00f 80.61
APP1 28.00e 71.43
APP2 41.00c 58.16
ANPP1 11.00i 87.76
ANPP2 16.00 g 83.37
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the J2 mortality, the dose of treatment, and the time 
of exposure for both APS and APP and their nano-
forms. ANPS1 treatment achieved 100.0% mortality 
compared to 82.5% for APS1 treatment. Also, the 
nano-form of D. fasciola extracts was more effec-
tive than the original extract. M.incognita J2 reached 
100.0 and 85.5% mortality for ANPP1 and APP1 
treatments, respectively. The extract of D. fasciola 
and its nano-form produced higher M. incognita J2 
mortality than L. papillosa extract and its nano-form.

Field experiments

Effect of algal extracts and their nano-forms on the 
biochemical parameters of tomato plants.

Figure 2 shows the total phenol and sugar contents 
as well as polyphenol oxidase (PPO) and chitinase 
activities of tomato plants grown in M. incognita 
infested sandy soil and treated with algal polysaccha-
rides and polyphenolic compounds and their nano-
forms. Algal treatments were very effective in 
increasing the phenolic and sugar contents of tomato 
leaves compared to the untreated control and Vydate 
treatments. The figure highlights that the values of 
phenolic content increased in a dose-dependent man-
ner in tomato plants treated by algal extracts. Among 
the preceding treatments, ANPS1 treatment was the 
most effective in boosting the phenolic content of 

tomato leaves, followed by ANPP1 and ANPP2, 
respectively. Regarding the sugar content, the algal 
treatments effectively boosted its levels in the leaves 
of tomato plants. ANPS3 treatment had the best effect 
on the content of total sugar.

According to Fig.  2, the activity of PPO enzyme 
showed different trends. It slightly decreased in 
tomato plants treated with APS and APP and their 
nano-forms at the concentrations of 6.25 and 3.12% 
compared to Vydate application and untreated con-
trol. By contrast, the activity of PPO increased in 
tomato plants treated with APS and APP and their 
nano-forms at a concentration of 12.5%. The out-
comes showed that tomato plants treated with ANPP1 
had the highest PPO activity, while those treated 
with APS3 had the lowest PPO activity. On the con-
trary, chitinase activity increased in tomato plants 
treated with algal extracts and their nano-form at all 
tested concentrations compared to the untreated con-
trol. However, the increase in chitinase activity was 
inversely proportional to the concentration of both 
D. fasciola and L. papillosa extracts. ANPP3 had 
the highest chitinase activity compared to the other 
treatments.

Effect of algal extracts and their nano‑forms on the 
vegetative growth of tomato plants

The vegetative growth parameters of tomato 
plants grown in sandy soil infested with nematode 
are presented in Table  5 Plant length, number of 
branches per plant, number of leaves per plant and 
fresh weight of leaves per plant were significantly 
(p ≤ 0.05) increased in the treated plant compared to 
the untreated control. All algal treatments increased 
the vegetative growth parameters of tomato plants 
in a dose-dependent manner. D. fasciola extract and 
its nano-form outperformed L. papillosa extract and 
its nano-form in increasing the vegetative growth of 
the tomato plants. The effect of algal treatments on 
the vegetative growth parameters can be arranged in 
ascending order as APS < APP < ANPS < ANPP. The 
nano-forms of algal extracts were more effective in 
promoting vegetative growth characteristics of the 
tomato plants compared to the crude extracts. For 
instance, tomato plants treated with ANPP1 had the 
highest values of plant length, number of branches 
per plant, number of leaves per plant and fresh weight 
of leaves per plant. These parameters increased by 

Table 4   Effect of algal extracts and their nano-forms on M. 
incognita mortality

* For the full names of the treatments see Table 1 in the Mate-
rial and Methods section
Means followed by the same letter are not significantly differ-
ent according to the Duncan test at p ≤ 0.05

Treatments* Mortality of M. 
incognita J2* 
(%)

Recovery
(%)

Net mortality
(%)

24 h 48 h

UTC​ 0.0 h 0.0 g 0 0.0 g

APS1 63.4f 78.0d 0 78.0d

APS2 56.3 g 65.6f 0 65.6f

ANPS1 92.0b 100.0a 0 100.0a

ANPS2 85.7c 90.0b 0 90.0b

APP1 75.5d 85.5c 0 85.5c

APP2 69.5e 75.5e 0 75.5e

ANPP1 95.0a 100.0a 0 100.0a

ANPP2 87.0c 100.0a 0 100.0a
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31.71, 81.81, 103.47, and 203.77%, respectively, 
compared to the plants of the untreated control.

Effect of algal extracts and their nano‑forms on the 
productivity of tomato plants

Data in Table  6 show the effect of L. papillosa and 
D. fasciola extracts and their nano-forms on the flow-
ering and fruit yield of tomato plants compared to 
Vydate application and untreated control. In terms 
of increasing the metrics of blooming and fruit yield, 
D. fasciola extract and its nano-formulation outper-
formed L. papillosa and its nano-form. The nano-
forms were more effective than the original extracts 

in promoting flowering and fruit production. In gen-
eral, the results revealed that ANPP1 application out-
performed the other treatments with significant dif-
ferences, where cluster count, fruit count, fruit yield 
(ton/acre, and fruits per plant) increased by 211.76, 
467.96, 73.43 and 98.26%, respectively, compared to 
the untreated control.

Effect of algal extracts and their nano‑forms on fruit 
quality parameters

Data in Table 7 show the impact of algal polysac-
charides, polyphenol compounds, and their nano-
forms on tomato fruit quality compared to Vydate 

Fig. 2   Effect of algal 
extracts and their nano-
forms on biochemical 
parameters of tomato 
plants. Error bars are SD 
of the means. *For the full 
names of the treatments see 
Table 1 in the Material and 
Methods section
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application and untreated control. Algal treat-
ments significantly enhanced the physicochemical 
characteristics of tomato fruits. The highest pH, 
total phenols, lycopene concentration, and red-
ness value (a*) were found in tomato plants treated 

with ANPP1, measuring 4.05 pH, 39.69 mg/100 g, 
164.82  mg/kg, and 32.05, respectively. The TSS 
values of tomato fruits ranged in a narrow range 
between 3.95 and 2.30. The highest TSS value was 
recorded by the fruit of tomato plants treated with 

Table 5   Effect of algal extracts and their nano-forms on vegetative growth parameters of tomato plants

* For the full names of the treatments see Table 1 in the Material and Methods section
Means followed by the same letters are not significantly different according to Duncan test at p ≤ 0.05

Treatments* Plant length
(cm)

Increase
(%)

No. of 
branches per 
plant

Increase
(%)

No. of leaves 
per plant

Increase
(%)

Fresh weight of 
leaves/plant (g)

Increase
(%)

UTC​ 116.7 l –- 3.667e –– 95.00 m –- 649.50n –-
Vydate 132.7j 13.71 4.000de 9.08 108.7 k 14.42 676.60 l 4.17
APS1 141.3 fg 21.08 5.000c 36.35 144.3 g 51.89 1045.00 g 60.89
APS2 137.3hi 17.65 4.333d 18.16 113.0j 18.95 843.80j 29.92
APS3 125.0 k 7.11 4.000de 9.08 104.3 l 9.79 662.90 m 2.06
ANPS1 150.0bc 28.53 5.667b 54.54 164.7c 73.37 1265.00c 94.77
ANPS2 145.0e 24.25 5.000c 36.35 151.7f 59.68 1152.00f 77.37
ANPS3 142.7f 22.28 5.000c 36.35 123.0 h 29.47 926.20 h 42.6
APP1 146.3de 25.36 5.000c 36.35 160.0d 68.42 1206.00d 85.68
APP2 139.3gh 19.37 5.000c 36.35 116.0i 22.11 876.60i 34.97
APP3 136.0i 16.54 4.000de 9.08 110.7 k 16.53 795.00 k 22.4
ANPP1 153.7a 31.71 6.667a 81.81 193.3a 103.47 1973.00a 203.77
ANPP2 151.3b 29.65 6.000b 63.62 170.3b 79.26 1769.00b 172.36
ANPP3 148.3 cd 27.08 5.000c 36.35 156.7e 64.95 1199.00e 84.6

Table 6   Effect of algal extracts and their nano-forms on flowering and fruit yield of tomato plants

* For the full names of the treatments see Table 1 in the Material and Methods section
Means followed by the same letters are not significantly different according to the Duncan test at p ≤ 0.05

Treatments* No. of clus-
ters/plant

Increase
(%)

Number of 
fruits/plant

Increase
(%)

Fruit yield (g/plant) Increase
(%)

Fruit yield 
(ton/acre)

Increase
(%)

UTC​ 17.00n – 10.33 l –- 1558.00j –- 18.41 l –
Vydate 22.67 l 33.35 15.67j 51.69 1792.00 h 15.02 21.95j 19.23
APS1 35.67 g 109.82 26.00 g 151.69 2190.00d 40.56 28.86 fg 56.76
APS2 26.67j 56.88 18.67i 80.74 1913.00 g 22.79 26.96 h 46.44
APS3 19.33 m 13.71 13.67 k 32.33 1700.00i 9.11 19.54 k 6.14
ANPS1 42.00c 147.06 51.67c 400.19 2374.00b 52.37 33.07c 79.63
ANPS2 37.33f 119.59 33.33f 222.65 2232.00d 43.26 29.61ef 60.84
ANPS3 34.00 h 100 22.33 h 116.17 2043.00e 31.13 28.59 g 55.3
APP1 40.33d 137.24 45.00d 335.62 2317.00c 48.72 31.48d 70.99
APP2 28.00i 64.71 20.67 h 100.1 1975.00f 26.77 28.09 g 52.58
APP3 25.00 k 47.06 17.33ij 67.76 1897.00 g 21.76 25.06i 36.12
ANPP1 53.00a 211.76 58.67a 467.96 2702.00a 73.43 36.50a 98.26
ANPP2 48.33b 184.29 56.33b 445.3 2410.00b 54.69 34.72b 88.59
ANPP3 38.33e 125.47 38.00e 267.86 2295.00c 47.3 30.38e 65.02
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Vydate. Moreover, the colour parameters for light-
ness (L*) and yellowness (b*) fluctuated within a 
small range, between 40.28—38.24 and 26.72—
23.081, respectively.

Effect of algal extracts and their nano‑forms on 
organoleptic properties of tomato fruits

As indicated in Table  8, the sensory qualities of 
tomato fruits in terms of appearance, pericarp col-
our, internal colour, texture, and taste were examined 

Table 7   Effect of algal extracts and their nano-forms on the physicochemical properties of tomato fruits

* For the full names of the treatments see Table 1 in the Material and Methods section
Means followed by the same letter(s) are not significantly different according to Duncan test at p ≤ 0.05
TSS: Total soluble sugar

Samples* Average weight
(g)

Average 
diameter 
(cm)

pH TSS Total phenols 
(mg/100 g)

Lycopene con-
tent (mg/kg)

Colour attributes

L* a* b*

UTC​ 38.50 l 4.367 g 4.01a 2.40d 23.73 h 73.28j 40.02bcd 25.58f 26.20de

Vydate 68.65 j 4.75ef 3.79a 3.95a 29.68efg 96.00i 38.27abcd 31.57de 23.69abcde

APS1 85.52ef 5.00 d 3.82a 2.65c 33.17cde 100.08e 39.34abcd 29.17 cd 25.10abcde

APS2 78.05 hi 4.97 d 3.88a 2.65c 29.49 fg 97.24f 39.66abc 28.49de 25.60 abcd

APS3 53.18 k 4.62 f 3.81a 2.40d 28.01 g 87.36 h 38.88bcd 26.25ef 23.08e
ANPS1 92.93 c 5.23 c 3.86a 2.60c 37.82a 110.48d 39.85ab 30.79abc 26.66ab

ANPS2 86.32ef 5.00 d 3.89a 2.30d 34.08bcd 97.48f 38.83bcd 29.52bcd 24.35abcde

ANPS3 83.58 fg 5.00 d 3.92a 2.60c 32.57def 93.58 g 39.11abcd 28.65 cd 24.43abcde

APP1 90.60 cd 5.11 cd 3.95a 2.70bc 37.07ab 97.65f 39.36abcd 30.18abcd 25.02abcde

APP2 80.80gh 5.00 d 3.89a 2.70bc 36.49abc 96.29f 38.44 cd 29.11 cd 24.34cde

APP3 75.60 i 4.80 e 3.99a 2.40d 32.99cdef 94.08 g 39.25abcd 28.19de 25.04abcde

ANPP1 130.1 a 6.10 a 4.05a 2.80a 39.69a 164.82a 38.24d 32.05a 23.94de

ANPP2 96.33 b 5.40 b 3.91a 2.60c 32.46def 144.68b 39.64abc 31.83ab 26.56abc

ANPP3 88.13 de 5.00 d 3.88a 2.60c 26.90gh 141.77c 40.28a 31.47ab 26.72a

Table 8   Effect of extracts 
and their nano-forms on the 
organoleptic properties of 
tomato fruits

* For the full names of the 
treatments see Table 1 in 
the Material and Methods 
section
Means followed by the 
same letters are not 
significantly different 
according to the Duncan 
test at p ≤ 0.05
(7): The 7-point hedonic 
scale, used to grad the 
samples

Samples * Appearance
(7)

Pericarp colour
(7)

Internal colour
(7)

Texture
(7)

Taste
(7)

UTC​ 4.8de ± 0.58 4.6c ± 0.68 4.6d ± 0.51 4.8a ± 0.49 6.2a ± 0.37
Vydate 4.6e ± 0.24 5.0bc ± 0.55 4.8 cd ± 0.48 4.6a ± 0.40 5.8ab ± 0.31
APS1 6.4abc ± 0.25 6.6a ± 0.24 6.0ab ± 0.54 5.8a ± 0.48 4.8b ± 0.37
APS2 6.0bc ± 0.32 6.2a ± 0.49 5.6abcd ± 0.24 5.6a ± 0.55 5.4ab ± 0.51
APS3 6.4abc ± 0.25 6.4a ± 0.46 5.8abc ± 0.20 5.8a ± 0.73 5.2ab ± 0.34
ANPS1 6.4abc ± 0.24 6.4a ± 0.24 6.0ab ± 0.55 5.6a ± 0.68 5.4ab ± 0.50
ANPS2 6.6ab ± 0.22 6.2a ± 0.35 6.4a ± 0.25 6.0a ± 0.63 5.6ab ± 0.51
ANPS3 6.4abc ± 0.32 6.2a ± 0.25 5.2bcd ± 0.37 5.8a ± 0.80 5.6ab ± 0.40
APP1 6.5ab ± 0.21 6.4a ± 0.22 5.4abcd ± 0.40 6.0a ± 0.77 5.8ab ± 0.49
APP2 5.8bc ± 0.20 6.2a ± 0.20 5.4abcd ± 0.40 6.0a ± 0.63 5.8ab ± 0.37
APP3 5.6 cd ± 0.40 6.0ab ± 0.31 6.0ab ± 0.44 6.0a ± 0.54 6.0ab ± 0.12
ANPP1 7.0a ± 0.22 6.6a ± 0.25 6.2ab ± 0.20 6.2a ± 0.37 5.4ab ± 0.51
ANPP2 6.4abc ± 0.42 5.6abc ± 0.50 6.0ab ± 0.31 5.4a ± 0.40 5.8ab ± 0.49
ANPP3 6.0bc ± 0.32 5.8ab ± 0.58 6.2ab ± 0.37 5.4a ± 0.68 6.0ab ± 0.45
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concerning algal polysaccharides, phenolic com-
pounds, and their nano-forms. The acquired data 
demonstrated that, except for taste, the control 
received the lowest score for the examined properties. 
The fruits of tomato treated with ANPP1 received 
the best marks for appearance (7.0), pericarp colour 
(6.6), internal colour (6.2), and texture (6.2), while 
the untreated control received the highest taste score 
(6.2).

Effect of algal treatments on nematodes on infested 
tomato plants

The effect of algal polysaccharides and polyphe-
nolic compounds and their nano-form treatments 
on M. incognita J2 number in the soil as well as 
on the gall and egg-mass number in tomato roots 
were recorded as presented in Table  9. In general, 
all treatments significantly (p ≤ 0.05) reduced M. 
incognita J2s in the soil and gall and egg-mass 
number in tomato roots. Furthermore, except for 
APS1-3 and APP3 treatments, the nematode param-
eters in the soil and tomato plants treated with algal 
extracts were significantly decreased compared to 
Vydate treatment. Dilophys fasciola extract and 
its nano-form were more effective in reducing the 

nematode parameters than L. papillosa and its nano-
form. The decrease of nematode parameter had a 
positive significant relationship with the applied 
concentrations.

The nano-forms showed higher nematicidal 
activity against J2s, gall and egg-mass number 
compared to the original extracts. For instance, 
Vydate, APS1, and ANPS1 treatments achieved 
70.91, 69.59 and 94.74% reduction of the J2 num-
ber in the soil, respectively. Similarly, these treat-
ments decreased gall formation by 59.31, 56.28 
and 82.59% respectively. Reductions in egg-mass 
number yielded 54.40, 47.05 and 64.70% respec-
tively. Application of D. fasciola extract (APP1) 
and its nano-form (ANPP1) reduced J2 in the soil 
by 78.80 and 95.61%, respectively. The same treat-
ments reduced the galls and egg-masses in 5  g 
tomato roots by 65.521 and 61.20% for APP1 and 
81.98 and 86.76% for ANPP1, respectively. As well, 
the nematode indexes of J2 numbers, galls and egg 
masses recorded the same trend at the lower con-
centrations. Generally, the results revealed a posi-
tive relationship trend between the reduction of 
nematode parameters and the applied concentra-
tions and its nano-forms (Table 9).

Table 9   Effect of algal extracts and their nano-forms on nematode parameters of infested tomato plants

* For the full names of the treatments see Table 1 in the Material and Methods section
Means followed by the same letter(s) are not significantly different according to Duncan test at p ≤ 0.05

Treatments* No. of 
J2/250 g soil

Reduction
(%)

No. of galls/ 
5 g root

Reduction
(%)

Gall index No. of egg-
mass/ 5 g root

Reduction
(%)

Egg-
mass 
index

UTC​ 1368a – 164.67a – 9 45.33a –– 4
Vydate 398f 70.91 66.67f 59.31 7 20.67e 54.4 5
APS1 416e 69.59 72.00e 56.28 8 24.00d 47.05 5
APS2 660c 51.75 87.33c 46.97 8 25.67 cd 43.37 5
APS3 860b 31.13 92.33b 43.93 8 30.67b 32.34 6
ANPS1 72 n 94.74 28.67 l 82.59 5 16.00 g 64.7 4
ANPS2 120 l 91.23 53.00 h 67.81 7 19.33ef 57.36 4
ANPS3 280i 79.53 76.67d 53.44 8 29.33b 35.3 5
APP1 290 h 78.8 57.33 g 65.52 7 17.67 fg 61.2 4
APP2 370 g 72.95 68.00f 58.71 7 19.67e 56.61 4
APP3 630d 53.95 72.67e 55.87 8 27.00c 40.47 5
ANPP1 60o 95.61 29.67 l 81.98 5 6.00i 86.76 2
ANPP2 94 m 93.13 37.33j 77.73 8 11.00 h 75.73 4
ANPP3 135j 90.13 48.00i 70.09 6 16.33 g 63.98 4
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Discussion

The application of green bio-control of parasitic 
nematodes as an alternative strategy for chemical 
nematicides is one of the great concerns of modern 
agriculture systems worldwide. In this context, the 
extensive studies on seaweeds have led to the discov-
ery of an impressive array of bio-pesticides. How-
ever, among the huge numbers of marine algae and 
the myriad of algal metabolites, only a few have been 
investigated (Asimakis et  al., 2022). In continuation 
of these efforts, this study was designed to explore the 
potential use of L. papillosa and D. fasciola extracts 
and their synthesized nano-forms in the biological 
control of plant-parasitic nematodes. Based on the 
laboratory results, both marine algal extracts and their 
nano-forms have promising nematicidal activity and 
may be utilized in the production of new products that 
protect crops against plant-parasitic nematodes. The 
methanolic extract of D. fasciola was more effective 
in suppressing M. incognita egg hatching and elimi-
nating its J2 as compared to water extract of L. papil-
losa. These outcomes align with Khan et al. (2015), 
who evaluated the antinemic potential of water and 
methanolic extracts of 32 seaweeds against M. javan-
ica egg hatching and larval mortality.

The nematicidal activity of marine algal extracts 
was generally attributed to their content of secondary 
metabolites such as phenols, terpenes, alginate, sul-
fated galactans and carrageen (Asimakis et al., 2022; 
Khan & Mohammad, 2011; Shukla et  al., 2016). 
Consequently, the nematicidal activity of D. fasciola 
could be attributed to the content of phenolic and fla-
vonoid compounds, which play a role in nematicidal 
action; this finding agrees with Faizi et  al. (2011), 
who identified that phytochemicals such as phenolic 
compounds are lethal to plant nematodes. They found 
that the isolated compounds, such as terthienyl, gal-
lic, and linoleic acids, showed 100% mortality at 
the concentration of 0.125% for 24  h. Furthermore, 
Bano et al. (2020) found that the nematicidal ability 
of flavone and flavonol classes differed significantly 
depending on their structure, concentration, and 
exposure period. Kaempferol, myricetin, quercetin, 
and rutin have been shown to be fatal to the M. incog-
nita J2. (Caboni et al., 2013; Faizi et al., 2011).

On the other hand, polysaccharides extracted from 
L. papillosa affected plant nematodes under labora-
tory conditions. Chemically, polysaccharides of L 

papillosa were characterized by Murad et  al. (2017) 
as kappa, iota and lambda carrageenans (sulfated 
polysaccharides). The sulfate content of carrageenan 
types was found to be 20, 33 and 41%, respectively 
(Shukla et al., 2016). It is well documented that car-
rageenans act as elicitor molecules that enhance plant 
immunity against several pathogens (Stadnik & De 
Freitas, 2014). This activity could be due to the sul-
fate content (Sangha et  al., 2015) or to its ability to 
inhibit the binding or entrance of pests and pathogens 
into the host cells (Ahmadi et al., 2015). Besides, the 
nematicidal activity of L. papillosa polysaccharides 
may be attributed to the osmotic pressure between the 
nematode body and the surrounding medium contain-
ing a high concentration of polysaccharides.

Under greenhouse conditions, it was notewor-
thy that algal extracts improved the vegetative 
growth parameters of tomato plants compared to 
the untreated control and Vydate treatments. These 
findings are in accordance by those of Ponnan et al. 
(2017) who stated that seaweed extracts could be 
used as pesticide and fertilizer. Furthermore, Shukla 
et  al. (2016) revealed that seaweeds are a common 
source of plant growth regulators that possess auxin 
and cytokinin properties. Also, the prior treatments 
with D. fasciola and L. papillosa extracts consider-
ably increased the phenolic content and the activities 
of polyphenol oxidase (PPO) and chitinase. Gener-
ally, marine algae promote the enzymatic and non-
enzymatic antioxidant systems of the plants, includ-
ing peroxidase, polyphenol oxidase, chitinase, -1, 
3-glucanase, and phenolics, which are crucial for 
plant defense against infections (Ibrahim et al., 2021). 
The introduction of defense-related components and 
enhanced plant production served as additional indi-
cators of plant health in addition to disease manage-
ment (Baxter et  al., 2014; Das & Roychoudhury, 
2014).

The high production of these enzymes is thought 
to be one of the mechanisms by which the plant gains 
resistance to the plant harmful organisms and these 
results support those of Arioli et al. (2015). Chitinase 
and 1, 3-glucans can break down the cell wall of pests 
and release substances that promote the production 
of phytoalexins early and phenolic compounds as 
inductors of resistance (Silva et al., 2004). Chitinase 
frequently acts as a signal molecule to promote the 
synthesis of extra pathogenesis-related (PR) proteins 
or metabolites involved in plant defense mechanisms 
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(Rahimi et  al., 1998). Also, the secretion of poly-
phenol oxidase and peroxidase defense enzymes was 
assessed as potential improvements in the acquired 
systemic resistance (Bakr & Omar, 2018). Impor-
tant biological processes such as the lignin produc-
tion, degradation routes, and host defense systems 
all depend on these enzymes (Davies et al., 2008; El-
Zawahry et al., 2021). Similarly, plants used phenolic 
compounds as part of their defense system against 
root-knot nematode infestations (Nikoo et  al., 2014; 
Wuyts et al., 2006).

In comparison to Vydate and untreated control, our 
findings in Fig. 2 show that all treatments were quite 
successful in raising total sugar. This increase was 
attributed to plant resistance, where the nematode 
infestation reduced the sugar content in the infested 
plant. This finding agrees with Vaitheeswaran et  al. 
(2011), who discovered that M. incognita infestation 
in plant tissue resulted in a lower amount of sugar, 
higher levels of proteins and lipids, and lower over-
all energy content. On the contrary, our result of 
increasing total sugar in all treatments compared with 
Vydate and untreated control disagrees with Gautam 
and Poddar (2014), who found a decrease in total 
sugar levels after nematode infestation, which reaches 
negligible sugar content after five weeks. Accord-
ing to our results, unlike the untreated control, all 
tested plant extracts increased total phenolic levels, 
in agreement with Abdel-Baset and Abdel-Monaim 
(2020) and Abdel-Monaim et al. (2017).

Generally, the algal extracts promoted self-defense 
and significantly improved the health status of tomato 
plants against nematode infections. This resulted in 
prolonging the fruiting life of tomato plants and in 
increasing the crop performance, fruit yield, fruit 
quality and post-harvest shelf-life. Furthermore, algal 
treatments reduced the nematode biological param-
eters (number of galls and egg masses) in tomato 
roots. Similar results were recorded in tomato, okra 
and sunflower treated with the aqueous and ethanolic 
extracts of Sargassum swartzii, S. tenerrimum, S. 
wightii, Melanothamnus afaqhusainii, Halimeda tuna 
and Spatoglossum variabile against Meloidogyne 
javanica (Sultana et al., 2012, 2018). They discovered 
that insecticides and seaweed extracts both had sup-
pressive effects on tomato root infestation by prevent-
ing the J2 penetration into the roots and the formation 
of nematode galls.

On the other hand, the use of algal extract nano-
forms in root-knot nematode control provides new 
trends that are safe, eco-friendly, and successful in 
combating Meloidogyne species. Nano-sized pesti-
cide formulations might make it easier to effectively 
distribute the active ingredients to pests and patho-
gens and enhance plant nematode bio-control. Our 
results showed that the nano-forms were more effec-
tive on M. incognita galls and egg-masses compared 
to the original extracts of marine algae and untreated 
control; these results agree with Mohamed et  al. 
(2021). This action attributed to nano-particles may 
have an inhibiting effect due to their physical makeup, 
which was essential for the nematode’s ability to pen-
etrate the cell wall (e.g., body form, size, and homo-
geneity) (Sharon et al., 2010). Moreover, both eukary-
otic and prokaryotic cell responses to oxidative stress 
and ATP generation as well as membrane permeabil-
ity are linked to this effect (Ahamed et al., 2010 and 
Lim et al., 2012). According to Nazir et al. (2019) and 
El-Habashy (2022), the nematicidal activity of pure 
extracts against the main phytoparasitic nematode, M. 
incognita, was significantly increased by their con-
version to nanoparticles. Recently, marine algae have 
been considered dominant among all bio-sources, as 
they can produce excellent bioactive metabolites with 
potent biological activities, such as phenolic com-
pounds, which are commonly found in plants and sea-
weeds (Zheng et al. 2020).

Conclusions

The present study uses nanotechnological techniques 
to improve the effectiveness of seaweed as a green, 
safe, and environmentally friendly method to control 
root-knot nematodes and to overcome and replace 
hazardous chemical nematicides. In addition to nema-
tode control, these techniques increase plant health 
through the induction of defense-related enzymes, 
which are positively reflected in the vegetative plant 
growth and the yield and quality of tomato fruits. Due 
to their effectiveness against the root-knot nematodes 
and non-hazardous effects on the environment and to 
the enhancement of plant growth parameters, marine 
algal extracts (L. papillosa and D. fasciola) and their 
nano-forms are recommended as eco-friendly alterna-
tive solutions for controlling the root-knot nematode.
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