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Abstract: This study evaluated the chemical properties of phosphocompost extracts and
their effectiveness in inducing tomato seedlings resistance to Meloidogyne javanica. Phos-
phocomposts: Sugar beet phosphocompost (PC-SB: CP2), green waste phosphocompost
(PC-GW: CP3), and olive mill waste phosphocompost (PC-OMW: CP4), were utilized to
produce compost water extracts at concentrations of 1:5, 1:10, 1:20, and 1:100 g:mL and then
applied as soil drenches for tomato seedlings one-week post-inoculation. The CP2 extract
applied at a 1:5 dilution led to marked improvements in growth parameters, with plant
height increasing by over 52.2%, shoot fresh biomass rising by approximately 52.44%, and
shoot dry biomass showing a gain of 62.21%. Root biomass also rose by 33%. Chlorophyll a
increased with CP4 at 1:5 and 1:100 (41.05% and 37.32%), chlorophyll b increased with CP3
at 1:5 and 1:10 (22.34% and 7.59%), while carotenes showed no variation. Polyphenols rose
by 86.45–91.01% with CP2 from 1:5 to 1:20, and flavonoids increased by 64.90% with CP4
at 1:10. CP2 diminished the ultimate M. javanica population and reproduction factor by
171.43%, while CP4 at 1:20 decreased egg masses by 151.94%. The root gall index showed
no variation. The chemical composition of phosphocomposts revealed that the strategic
incorporation of diverse organic improvers (10%) in phosphocomposts yielded distinct
nutrient signatures, with sugar beet waste enhancing PO4

3− (12.91 mg/L) and secondary
macronutrients, green waste optimizing NO3

− (69.91 mg/L) and SO4
2− (62.70 mg/L) avail-

ability, and olive mill waste producing superior micronutrient concentrations alongside
dominant Ca (24.21 mg/L), K (392.50 mg/L), and P (9.17 mg/L) levels. Overall, the results
underscore the potential of phosphocompost extracts as a viable, low-cost, and eco-friendly
alternative to synthetic nematicides, offering a sustainable and resilient approach to M.
javanica control while enhancing tomato plant growth.
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1. Introduction
The 21st century presents previously unheard-of difficulties for global agriculture.

Arable land has been drastically reduced by global warming, climate change, and rapid
urbanization [1], and crop pests and illnesses are becoming more common, endangering
worldwide food security. Many agricultural soils have been extensively deteriorated by
years of intensive chemical usage, despite efforts to maintain native grasslands and enhance
soil quality [2]. Our ability to feed the world’s expanding population is seriously threatened
by these interrelated problems [3], which call for creative and sustainable agricultural
approaches [4].

The tomato crop (Solanum lycopersicum L.) exemplifies both the opportunities and
challenges of smart farming technologies, ranking as the world’s second most important
vegetable crop after potato [5]. Global tomato production has surged over the past three
decades, reaching 186.82 million tons across 5.05 million hectares in more than 165 countries
by 2021 [6]. Morocco, which produces 1.31 million tons of tomatoes annually, has become
a significant contributor to this global output [7]. In 2021, Morocco’s tomato business
generated USD 327.758 million [8]. However, this crop faces a formidable threat from
Meloidogyne spp., referred to as root-knot nematodes (RKNs) [9–13]. RKNs are minute
parasites that live in the soil. They infiltrate plant roots and create intricate feeding sites,
called giant cells and knots. The morphology and physiology of the root system are pro-
foundly compromised by the deleterious effects of parasitic infestation, resulting in wilting,
stunted development, and yield losses [14,15]. These pests are acknowledged as significant
risks to tomato farming globally, even if the precise global impact of RKNs on tomato
production varies based on variables including climate, soil type, and management ap-
proaches [10,13]. Historically, farmers have relied mostly on chemical treatments, which are
associated with environmental and health concerns, notwithstanding their partial effective-
ness [16]. Reduced biodiversity, chemical residues in food, and unsustainable reliance on
non-renewable resources are examples of their adverse impacts [17]. Agricultural research
is now focused on more cost-effective and eco-friendlier sustainable pest management
techniques to attenuate these impacts.

In this vein, composting has become a viable remedy. In addition to recycling organic
waste into nutrient-rich soil amendments, this biotechnology has several environmen-
tal advantages such as reducing greenhouse gas emissions, carbon sequestration, and
waste disposal [18–21]. The application of compost has several advantages, including
enhancing the inherent disease-suppressive qualities of the soil, improving soil health,
and providing environmental benefits [22]. Recent relevant studies have demonstrate
that compost is beneficial for controlling a variety of plant diseases, thereby reducing
agricultural losses [16,23–25]. The varied microbial populations of compost are primar-
ily responsible for its effectiveness [26]. According to Mehta et al. [27], these microbial
consortia use direct antagonistic mechanisms against plant diseases such as resource com-
petition, antibiotic compound synthesis, and hyperparasitism. Additionally, as described
in a recent review by Bouchtaoui et al. [22], compost activates metabolic defense pathways
that improve resistance to infections. This multifaceted strategy highlights the potential
of compost as a long-term solution for managing plant diseases and boosting the agricul-
tural output. Otherwise, recent research has reported that phosphocomposting further
enhances microbial activity by improving the nutrient balance compared to conventional
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composting, owing to the inclusion of phosphate mineral sources (such as phosphate
rock or its derivatives) [4,28,29]. Furthermore, phosphate-solubilizing microbiota, encom-
passing prokaryotic and eukaryotic organisms found in phosphocomposts, can enhance
the bioavailable phosphorus concentrations within the rhizospheric matrix by mobilizing
soluble phosphatic compounds, such as tricalcium phosphate, which improves phosphorus
bioavailability [30–32]. Despite the demonstrated efficacy of phosphate-enriched compost
in several agricultural applications [33,34], its capacity for pathogenic nematode manage-
ment and the promotion of plant development, especially via aqueous extracts, is yet to
be investigated.

Phosphocompost extracts, which are nutrient-rich solutions containing beneficial
microorganisms [35], have gained significant attention for their potential to expand com-
post utilization within the framework of a circular bio-based economy that prioritizes
environmental sustainability and resource efficiency [35–37]. These extracts are becoming
increasingly important in modern agricultural and horticultural practices owing to their
ability to promote plant growth and enhance resistance to a range of soil-borne diseases [35].
Notably, compost extracts highlight their promise in improving plant development and
providing protection against RKNs, when applied as foliar sprays or soil drenches [22].
Additionally, compost extracts offer stronger, sustainably cost-effective alternatives to
traditional methods. By requiring smaller quantities of compost to produce a highly con-
centrated liquid rich in water-soluble nutrients and beneficial microconsortia, they not
only enhance plant health and the fertility of soil but also eliminate toxic compounds. This
makes compost extracts a safer and more efficient substitute to chemical nematicides. In
light of this goal, this investigative effort was initiated to assess the efficacy of innovatively
phosphocompost extracts obtained from novel formulations against Meloidogyne javanica
and using tomato as the host to evaluate their efficacy in promoting tomato growth and
physiological functions under infection while hindering the proliferation of M. javanica. This
will help in addressing a significant gap within the scientific and practical communities.

2. Material and Methods
2.1. Phosphocompost Source

The compost formulations used in this study were recently developed by Haouas et al.
(2021) [4], and their compositions are detailed below:

CP2: 20% Phosphate Sludge + 70% Food Waste + 10% Sugar Beet Waste
CP3: 20% Phosphate Sludge + 70% Food Waste + 10% Green Waste
CP4: 20% Phosphate Sludge + 70% Food Waste + 10% Olive Mill Waste

2.2. Phosphocompost Chemical Composition

Available elemental concentrations in phosphocompost extracts were determined using
inductively coupled plasma optical emission spectroscopy (ICP-OES; Thermo iCAP 6500
DUO), while anion analysis was performed via ion chromatography (Metrohm, Switzerland).

2.3. Preparation of M. javanica Inoculum

Newly hatched M. javanica second-stage juveniles (J2s) came from a single egg mass
and were multiplied in tomato roots under controlled greenhouse conditions at the Biotech-
nology Research Unit, INRA-Rabat. After a 90-day period of incubation, eggs were obtained
from the roots via the technique of Hussey and Baker [38]. The collected eggs were cultured
at 25 ◦C for four days to enable hatching.



Agriculture 2025, 15, 1184 4 of 21

2.4. Preparation of Phosphocompost Extracts

To prepare the phosphocompost extracts, raw phosphocompost was blended with
distilled water at different proportions. Four distinct ratios were used: 1:5, 1:10, 1:20, and
1:100 (g:mL), which were designated as treatments T1, T2, T3, and T4, respectively.

The phosphocompost and water mixtures were kept under continuous stirring for
a 24-h period to ensure thorough mixing. Following this agitation phase, the mixtures
were filtered to obtain the final extracts. These freshly prepared extracts were then directly
utilized in the subsequent experimental procedures, as detailed in the forthcoming sections.

2.5. Preparation of Tomato Plants

Tomato seeds (S. lycopersicum cv. Campbell 33) were planted in cell trays containing
peat, and each seed was placed in an individual cell. The cell trays were then positioned in
the greenhouse under regulated conditions, including a 16-h light and 8-h dark cycle, along
with 75% humidity. Seedlings were meticulously watered twice daily. After the seedlings
produced two true leaves, they were used in the greenhouse experiment.

2.6. Greenhouse Experiment and Design

At the two-true-leaf stage of growth, tomato seedlings were transferred to pots mea-
suring 20 cm in height and 15 cm in diameter. The pots contained a mixture of 2.5 kg
sterile soil and peat in a 3:1 weight ratio. A day after transplanting, the tomato plants were
infected with 150 J2s of M. javanica per 100 g of soil.

One week post-inoculation, plants received 300 mL of phosphocompost extracts at
various dilutions (1:5, 1:10, 1:20, and 1:100 g:mL). Control plants (T0) without compost
extract received 300 mL of distilled water. The one-week infection delay before treatment
aimed to mimic real-world conditions where nematode infestations are frequently identified
after root invasion has commenced and treatments are administered post-infection in order
to evaluate the efficacy of phosphocompost extracts in limiting nematode proliferation
and enhancing plant resilience in practical, post-infestation situations. The experiment
followed a CRD with three replicates per phosphocompost extract concentration and was
conducted twice.

The infected and treated plants were incubated in the greenhouse under regulated
conditions of 16-h light and 8-h dark periods with 75% humidity. The compost extracts were
administered in a single application, and plants received irrigation as required during the
90-day incubation, aligning with the standard physiological maturity timeline for tomato
crops grown in greenhouses. This extended period facilitated a thorough assessment
of plant development, physiological characteristics, and nematode population dynamics
spanning the complete crop cycle.

2.7. Growth of Tomato Plants Infected with M. javanica Under Phosphocompost Extract Treatments

Then, 90-days post-inoculation and phosphocompost extract treatments, the tomato
plants were evaluated for morphological responses. This assessment involved measuring
plant height, shoot fresh and dry weights, root length, and root weight to measure the
influence of phosphocompost extract treatments on tomato morphological development
under nematode infection. The gall index, which is an indicator of nematode infection
severity, was assessed using the Taylor method [39]. This approach uses a scale from
0 to 5, with 0 signifying no galls and 1 denoting the appearance of 1-2 galls on roots.
The scores of 2, 3, 4, and 5 indicate the existence of 3–10, 11–30, 31–100, and surpassing
100 galls, respectively.
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2.8. Final Population and Reproduction of M. javanica Under Phosphocompost Extract Treatments

To measure M. javanica final population density in the soil, the contents of each pot
were thoroughly mixed, and a representative subsample of 100 g was collected. The
nematodes were extracted from the soil samples using the Baermann funnel technique,
with three replicate extractions performed for each sample. The nematode abundance
was quantified and reported as the mean number of J2s per 100 g of soil. The RF was
calculated to evaluate the proliferation capacity of M. javanica under the given experimental
conditions. The RF was calculated using the formula proposed by Taylor [39], as follows:

RF = Final population/Initial population (1)

The population growth rate (PGR) of M. javanica was calculated using the following
formula:

PGR = (CPf − TPf)/CPf

where CPf: final population in the control treatment and TPf: final population in the
treated plants.

2.9. Photosynthetic Pigments

To evaluate the quantities of photosynthetic pigments, mature tomato leaves (1 g)
from the middle to the top sections of plants cultivated under different phosphocompost
extract concentrations were triturated in a mortar with 8 mL of methanol (90:10 v/v)
for 1 min. The mixture was centrifuged at 6440× g at 4 ◦C for 5 min, as described by
Machado et al. [40]. The supernatant was collected to quantify the content of chlorophyll
a, chlorophyll b, and carotene, following the methodology described by Lichtenthaler
and Buschmann [41]. Three replicates were performed for each compost concentration.
Chlorophyll and carotene contents were quantified using the equations established by
Lichtenthaler and Buschmann [41].

Chlorophyll a (µg/mL) = 16.82 × A665.2 − 9.28 × A652.4;

Chlorophyll b (µg/mL) = 36.92 × A652.4 − 16.54 × A665.2;

Carotenes (µg/mL) = (1000 × A470 − 1.91 × Chl a − 95.15 × Chl b)/225,

2.10. Secondary Metabolites

To evaluate the total phenolic compounds (TPCs) and total phenolic contents (TFCs),
1 g of mature tomato leaves was pulverized in a mortar using 90% methanol. The solution
was then centrifuged at 6400× g at 4 ◦C for 5 min. The resultant supernatant was used in
future tests to determine TPC and TFC concentrations in tomato leaves.

The quantitative evaluation of phenolic compounds in tomato leaves was performed
using a colorimetric assay based on redox reactions, following a protocol modified from
Singleton et al. [42]. In this method, 200 µL of plant extract from each replicate was
combined with 1 mL of Folin–Ciocalteu phenol reagent (pre-diluted 1:10, v/v) and 0.8 mL
of sodium carbonate solution (7.5%, w/v) [42]. The phenolic content in the tomato foliage
samples was quantified and presented as milligrams of gallic acid equivalents (GAEs)
per gram of fresh tissue. These values were determined by comparing the optical density
readings to a standard curve with a strong linear correlation (R2 = 0.999). To ensure the
reliability of the results, the analyses were carried out in triplicate for each treatment group.
Furthermore, the entire assay procedure was repeated to confirm the consistency and
reproducibility of the findings.
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The TFC was quantified using the methodology outlined by Santas et al. [43], which
entails the creation of a compound with aluminum chloride (AlCl3). In this process, 1 mL
of sample suspension was combined with 1 mL of 2% AlCl3 in a methanolic solution. The
mixture was then incubated at ambient temperature for 10 min and the absorbance was
recorded at 410 nm relative to a blank sample. The TFC was determined by a quercetin
calibration curve (R2 = 0.998), with findings reported as mg quercetin equivalent (QE) per
gram of FW. All measurements were conducted in triplicate to ensure dependability, and
the experiment was repeated twice.

2.11. Statistical Analysis

Statistical evaluation encompassed both morphological and physiological plant traits,
and nematode population dynamics and reproductive M. javanica metrics. Data analyses
were conducted using R software (v4.4.1), with all measurements performed in triplicate
and each experimental setup independently repeated to ensure reproducibility. Where
necessary, data transformations were applied to meet assumptions of normality and vari-
ance homogeneity. One-way analysis of variance (ANOVA) was employed to detect
significant differences among compost extract concentrations and treatment groups. Sub-
sequent pairwise comparisons were performed using Fisher’s least significant difference
(LSD) test at a 5% significance threshold (p < 0.05). For variables violating parametric
assumptions—specifically the gall index—a non-parametric Kruskal–Wallis test was im-
plemented. Graphical representations of the data were generated using OriginPro 2024
(OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Compost Chemical Composition

The analysis of the macronutrients in the phosphocomposts revealed that they contain
substantial levels of primary (P and K) and secondary macronutrients (Mg, S, Ca, and Na)
(Table 1). CP2 had the highest concentrations of Mg (7.04 mg/L), S (34.72 mg/L), and
Na (128.20 mg/L), whereas CP4 exhibited the greatest levels of Ca, K, and P, measuring
24.21, 392.50, and 9.17 mg/L, respectively. Among all the treatments, CP3 showed the
lowest concentrations, with the exception of calcium, which exhibited a relatively high
concentration of 15.38 mg/L.

Table 1. Macronutrient composition of phosphocomposts.

Macronutrients (mg/L) CP2 CP3 CP4

Calcium (Ca) 13.99 15.38 24.21
Magnesium (Mg) 7.04 5.43 4.77

Potassium (K) 270.90 115.40 392.50
Phosphorus (P) 6.96 2.87 9.17

Sulfur (S) 34.72 18.99 10.91
Sodium (Na) 128.20 46.64 69.19

Table 2 indicates that CP4 exhibited a higher availability of micronutrients compared to
CP2 and CP3, with concentrations of Fe, B, Zn, Cu, and Ni measured at 2.44, 0.60, 0.15, 0.12,
and 0.09 mg/L, respectively. CP2 exhibited the highest concentration of Mn at 0.07 mg/L,
whereas CP3 was characterized by a predominant Mo concentration of 0.06 mg/L.
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Table 2. Micronutrient composition of phosphocomposts.

Micronutrients (mg/L) CP2 CP3 CP4

Iron (Fe) 1.27 0.62 2.44
Manganese (Mn) 0.07 0.04 0.06

Boron (B) 0.36 0.22 0.60
Zinc (Zn) 0.05 0.04 0.15

Copper (Cu) 0.11 0.04 0.12
Molybdenum (Mo) <0.01 0.06 0.02

Nickel (Ni) 0.03 0.06 0.09

The trace element values of the compost samples are illustrated in Table 3. The
Si element had the highest concentrations, which were between 2.60 and 4.39 mg/L in
CP2 and CP4. Al was detected in all composts with the concentration ranging between
0.83 and 0.95 mg/L (for CP2 and CP4). V steadily increased from CP2 (0.09 mg/L) to
CP4 (0.39 mg/L). Rb was present at variable concentrations (0.03–0.13 mg/L) across all
composts. The remaining trace elements, including As, Be, Bi, Cd, Co, La, Li, Pb, Sb, Se,
and thallium (Tl) were mostly below the detection threshold (<0.01 mg/L) in the majority
of composts, with the exception of As (0.02 mg/L) and Tl (0.01 mg/L) in CP4.

Table 3. Trace element composition of phosphocomposts.

Trace Elements (mg/L) CP2 CP3 CP4

Aluminum (Al) 0.95 0.83 0.93
Arsenic (As) <0.01 <0.01 0.02

Beryllium (Be) <0.01 <0.01 <0.01
Bismuth (Bi) <0.01 <0.01 <0.01

Cadmium (Cd) <0.01 <0.01 <0.01
Cobalt (Co) <0.01 <0.01 <0.01

Chromium (Cr) 0.02 0.07 0.09
Lanthanum (La) <0.01 <0.01 <0.01

Lithium (Li) <0.01 <0.01 <0.01
Lead (Pb) <0.01 <0.01 <0.01

Rubidium (Rb) 0.11 0.03 0.13
Antimony (Sb) <0.01 <0.01 <0.01
Selenium (Se) <0.01 <0.01 <0.01

Silicon (Si) 3.40 2.60 4.39
Strontium (Sr) 0.03 0.04 0.05
Titanium (Ti) 0.05 0.04 0.07
Thallium (Tl) <0.01 <0.01 0.01
Vanadium (V) 0.09 0.25 0.39

Table 4 shows the anionic composition of phosphocompost samples. CP2 showed
the highest amount of Cl− (187.64 mg/L) and PO4

3− (12.91 mg/L) while exhibiting very
low F− and NO3

− contents (below 0.02 mg/L and 1.0 mg/L, respectively). CP3 exhibited
a high content of NO3

− (69.91 mg/L) and SO4
2− (62.70 mg/L) but it had a lower PO4

3−

content (2.20 mg/L) compared to the other composts. CP4 showed a greater concentration
of F− (2.02 mg/L), a medium level of PO4

3− (6.79 mg/L), and lower contents of Cl− and
NO3

−, showing 55.61 mg/L and 2.23 mg/L, respectively. Br− showed a decreasing trend
from CP2 to CP4. NO2

− was not detectable in any of the three phosphocomposts.
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Table 4. Anion composition of phosphocomposts.

Anions (mg/L) CP2 CP3 CP4

Fluoride (F−) <0.02 1.08 2.02
Chloride (Cl−) 187.64 77.84 55.61
Nitrite (NO2

−) <0.1 <0.1 <0.1
Bromide (Br−) 0.66 0.15 0.09
Nitrate (NO3

−) <1.0 69.91 2.23
Phosphate (PO4

3−) 12.91 2.20 6.79
Sulfate (SO4

2−) 11.95 62.70 12.51

3.2. Comparison of Phosphocompost Extracts’ Effect on Plant Development and Pathogen Control
in Tomato
3.2.1. Effect of Phosphocompost Extracts on the Morphological Development of Tomato
Plants Under M. javanica Infection

Figure 1 depicts the effects of various phosphocompost extract compositions and
concentrations (1:5, 1:10, 1:20, and 1:100 g:mL) on the morphological growth of tomato
plants infected with M. javanica.

Figure 1. Effect of phosphocompost extract composition and concentrations on morphological
development, including root weight (A), root length (B), shoot dry weight (C), shoot fresh weight
(D), and plant height (E) in tomato plants infected with Meloidogyne javanica. Data are presented
as mean ± standard error (SE). Bars followed by the same lowercase letters indicate no significant
difference according to ANOVA followed by Fisher’s least significant difference (LSD) test.

As illustrated in Figure 1A, the root weight exhibited minimal responses to both
the nematode infection and the application of compost extracts. However, significant
effects (p < 0.05) were observed with CP2 at 1:5, 1:10, and 1:20, CP3 at 1:5, and CP4 at 1:10
compared to the control, with improvements ranging from 25.26% to 33.05%. In contrast,
root length (Figure 1B) was only mildly influenced by the infection and compost extract
treatments. CP2 at 1:100 and CP4 at 1:100 demonstrated notable increases (p < 0.05) of
26.08% and 23.49%, respectively, compared to the control, although no significant difference
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was found between these two treatments (p > 0.05). The remaining treatments showed no
statistically significant effects when compared to the control (p > 0.05).

The most substantial increase in shoot dry biomass (Figure 1C) was induced by CP2 at
a 1:5 dilution, surpassing the control and other treatments by 60.21%, with the difference
being statistically significant (p < 0.05). Apart from CP2 at 1:5, none of the treatments led
to statistically significant enhancements in shoot fresh weight compared to the control
(p > 0.05). The most pronounced effect on shoot fresh biomass was observed with CP2 at
1:5, resulting in a 52.44% increase, which was significantly different from both the control
and all other treatment groups (p < 0.05) (Figure 1D). Treatments such as CP2 at 1:10, 1:20,
and CP3 at 1:5 did not significantly differ from the control values (p > 0.05), suggesting
limited effectiveness at these concentrations.

Plant height (Figure 1E) exhibited variable responses to the compost extract treatments.
The most notable increase, approximately 52.44% compared to the control (p < 0.05), was
observed with CP2 at 1:5 and 1:10. These two concentrations did not significantly differ
from each other or from CP2 at 1:20 and 1:100, CP3 at 1:5 and 1:10, and CP4 at 1:20 (p > 0.05),
indicating a plateau effect at these levels. A significant increase in height was observed for
most treatments compared to the control, with the exception of CP3 at 1:100 and CP4 at
both 1:5 and 1:100, which showed no significant difference (p > 0.05).

3.2.2. Effect of Phosphocompost Extracts on Photosynthetic Activity of Tomato Plants
Under M. javanica Infection

Figure 2 shows the effect of M. javanica infection and phosphocompost treatments
on the photosynthetic pigment profiles in tomato leaves. For chlorophyll a (Figure 2A),
notable increases were observed under CP4 at 1:5 and 1:100, with pigment concentrations
increasing from 0.89 µg/mL in the control to 1.52 and 1.42 µg/mL, respectively. These
enhancements were statistically significant compared to the control (p < 0.05), although
they did not significantly differ from most other treatments, with the exception of CP2
at 1:10. None of the other treatment groups induced significant changes in chlorophyll a
levels when compared to the control.

Figure 2. Effect of phosphocompost extract composition and concentration on the development
of photosynthetic pigments, including chlorophyll a (A), chlorophyll b (B), and carotenes (C), in
tomato plants infected with Meloidogyne javanica. Data are presented as mean ± standard error (SE).
Bars followed by the same lowercase letters indicate no significant difference according to ANOVA
followed by Fisher’s least significant difference (LSD) test.

In the case of chlorophyll b (Figure 2B), the highest concentrations were found in
plants treated with CP3 at 1:5 and 1:10 (2.82 and 2.37 µg/mL, respectively); however, these
values were not statistically different from the control (2.19 µg/mL). In contrast, CP2 at
1:10 resulted in a significant decrease in chlorophyll b content, reaching 1.44 µg/mL, which
was statistically different from the control (p < 0.05).
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Carotenoid levels (Figure 2C) remained relatively stable across all treatments, with no
statistically significant differences observed compared to the control values (p > 0.05).

3.2.3. Effect of Phosphocompost Extracts on Secondary Metabolites Synthesis of Tomato
Plants Under M. javanica Infection

Figure 3 depicts the influence of M. javanica infection and phosphocompost treatments
on the production of secondary metabolites, namely total phenolic content (TPC) and total
flavonoid content (TFC). In the case of TPC (Figure 3A), CP2 treatments demonstrated
a strong stimulatory effect, particularly at 1:10, 1:20, and 1:100 dilutions, where TPC
levels reached 5841.31, 5271.51, and 3875.50 µg GAE/g FW, respectively. These values
were significantly higher than the control (525.07 µg GAE/g FW), with statistical support
(p < 0.05). However, the increase observed at 1:20 was not statistically different from that of
CP4 at 1:5 (p > 0.05). The majority of other treatments did not result in significant changes
in TPC compared to the control (p > 0.05), except for CP3 at 1:10 and CP4 at 1:10 and 1:20,
which showed elevated values supported by p < 0.05.

Figure 3. Effect of phosphocompost extracts on the synthesis of secondary metabolites, including
TPC (A) and TFC (B), in tomato plants infected with Meloidogyne javanica. Data are presented as
mean ± standard error (SE). Bars followed by the same lowercase letters indicate no significant
difference according to ANOVA followed by Fisher’s least significant difference (LSD) test.

For TFC (Figure 3B), most treatments yielded values similar to the control (670.53 µg
QE/g FW), suggesting a limited impact on flavonoid accumulation (p > 0.05). However,
there were notable exceptions: CP2 at 1:5 and CP3 at 1:100 led to reduced TFC levels of
383.94 and 434.76 µg QE/g FW, respectively, both showing statistically significant declines
(p < 0.05). In contrast, CP4 at 1:10 significantly increased TFC, reaching 1910.37 µg QE/g
FW (p < 0.05), indicating a treatment-specific enhancement in flavonoid biosynthesis.

3.2.4. Effect of Phosphocompost Extracts on the Development and Reproduction of
M. javanica

Figure 4 illustrates the effect of phosphocompost extracts, applied at various dilution
levels, on the density and reproductive performance of M. javanica. CP2 demonstrated the
highest efficacy in suppressing nematode proliferation, with the lowest final juvenile counts
observed at 1:5, 1:10, and 1:20 dilutions—resulting in 233.33, 233.33, and 266.67 J2s/100 g
of soil, respectively (Figure 4A). These values were significantly lower than the untreated
control (633.33 J2s/100 g), which represented a 2.16-fold increase from the initial inoculum
(p < 0.05). In contrast, the corresponding CP2 treatments yielded final densities equivalent to
0.17, 0.17, and 0.33 times the initial population indicating a strong suppressive effect. While
these reductions were statistically different from the control, they were not significantly
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different (p > 0.05) from most other compost extract treatments, except for CP4 at 1:100,
which showed a higher juvenile count (p < 0.05).

Figure 4. Effect of phosphocompost extracts on the development of Meloidogyne javanica, including
final population (A), population growth rate (B), reproduction factor (C), gall index (D), and egg
masses (E) in tomato plants. Data are presented as mean ± standard error (SE). Bars followed by the
same lowercase letters indicate no statistically significant difference according to ANOVA followed
by Fisher’s least significant difference (LSD) test.

The nematode reproduction factor (Figure 4C) was also reduced under CP2 at 1:5, 1:10,
and 1:20, with values of 1.17, 1.17, and 1.33, respectively, compared to 3.17 in the control
group (p < 0.05). These treatments also significantly differed from CP4 at 1:100, which
reached a value of 2.83. However, gall formation (Figure 4D) was not significantly affected
by the treatments, with no observable differences between treatments or when compared
to the control (p > 0.05).

In terms of egg mass production (Figure 4E), most treatments resulted in values similar
to the control (42.00 egg masses; p > 0.05). However, CP4 at 1:20 yielded a significantly
lower count (16.67 egg masses; p < 0.05). Despite this reduction, it did not significantly
differ from the reductions caused by other compost treatments (p > 0.05).

3.3. Principal Component Analysis (PCA) of Phosphocompost Extract Effects on Tomato Growth
Parameters and M. javanica Reproduction Metrics

The PCA (Figure 5) illustrates the influence of three phosphocompost extracts (CP2,
CP3, and CP4) on the morphological and physiological growth parameters of tomato
plants and the reproduction metrics of M. javanica. PC1, which explained 25.77% of the
variance, primarily discriminated plant growth and biomass-related variables, such as
plant height (PH), shoot fresh weight (SFW), shoot dry weight (SDW), and root weight
(RW). On the other hand, PC2 (14.13% variance explained) encompassed variations in
nematode reproductive metrics, including gall index (GI) and reproduction factor (RF), as
well as physiological variables like carotenoids (Cc), chlorophyll a (Chla), and chlorophyll
b (Chlb).
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Figure 5. PCA biplot illustration of the effects of phosphocompost extracts (CP2, CP3, and CP4) on
tomato growth, including plant height (PH), shoot fresh weight (SFW), shoot dry weight (SDW),
root weight (RW), root length (RL), and physiological parameters including chlorophyll a (Chla),
chlorophyll b (Chlb), carotenoids (Cc), total phenolic compounds (TPC), and total flavonoid contents
(TFC), and Meloidogyne javanica reproduction metrics including final population (FP), reproduction
factor (RF), gall index (GI), and egg masses (EM).

CP2 is slightly associated with nematode reproductive variables (RF and GI) and
strongly correlated with improved growth measures (e.g., SFW and RW) when concentrated
on the negative axis of PC1. In contrast, CP4, located on the positive axis of PC1, was
significantly correlated with elevated levels of nematode reproductive characteristics, such
as final population (FP) and GI. CP3 made a minimal contribution to plant development
and physiological traits, including Chla and Chlb, due to its balanced distribution.

The negative correlation between nematode reproduction parameters and TFC and
TPC suggests that these secondary metabolites may have an inhibitory effect on M. javanica.

4. Discussion
4.1. Nutrient Profiling of Phosphocomposts

The addition of three different organic improvers (sugar beet waste, green waste, and
olive mill waste) to uniform proportions of phosphate sludge (20%) and food waste (70%)
in the phosphocompost formulations significantly influences their nutritional composition
and agronomic viability. Specifically, the sugar beet waste in CP2 markedly increases the
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contents of Mg (7.04 mg/L), S (34.72 mg/L), and Na (128.20 mg/L), resulting in a unique
nutritional profile distinguished by heightened secondary macronutrients. This compost
produces the greatest concentrations of PO4

3− (12.91 mg/L) and Cl− (187.64 mg/L), indi-
cating that sugar beet processing waste supplies both beneficial phosphorus and substantial
salt levels that remain throughout the composting process. The organic acids generated
during the breakdown of sugar beet waste [44,45] presumably contribute significantly to
the solubilization of phosphorus from the sludge component [46].

The green waste in CP3 has a distinctly different nutritional profile, marked by
an exceptionally high NO3

− concentration (69.91 mg/L) and increased SO4
2− content

(62.70 mg/L). The N-S dominance suggests that the green waste component likely included
nitrogen-rich materials which experienced effective nitrification during composting [4].
Nonetheless, CP3 often demonstrates reduced micronutrient levels compared to the other
composts, except for Mo (0.06 mg/L), indicating that green waste contributes less to
micronutrient enrichment than sugar beet waste or olive mill waste.

The olive mill waste in CP4 produces the most balanced and micronutrient-dense com-
post, with predominant amounts of Ca (24.21 mg/L), K (392.50 mg/L), and P (9.17 mg/L)
among macronutrients, while also displaying the greatest concentrations of Fe (2.44 mg/L),
B (0.60 mg/L), Zn (0.15 mg/L), Cu (0.12 mg/L), and Ni (0.09 mg/L). This remarkable
micronutrient composition corresponds with studies revealed that olive mill waste has
substantial levels of critical metals and minerals for plants [47–49]. The elevated potassium
level is notably indicative of olive processing residues, recognized for their potassium
richness. Furthermore, the heightened F− concentration in CP4 (2.02 mg/L) seems to be a
unique result of olive mill waste.

The trace element investigation indicates significant variations in metal mobilization
patterns across the three amendments. The rising trend of V from CP2 (0.09 mg/L) to CP4
(0.39 mg/L) indicates that olive mill waste may facilitate V solubilization from the phos-
phate sludge component. Likewise, Si attains its peak concentration in CP4 (4.39 mg/L),
indicating enhanced Si mobilization in the presence of olive mill waste. The identification
of trace As (0.02 mg/L) and Tl (0.01 mg/L) alone in CP4 indicates that olive mill waste may
marginally enhance the solubility of these elements, while their amounts are well below
thresholds of agricultural concern.

The anion composition elucidates the unique contributions of each modification.
The disparity in NO3

− concentrations between CP3 (69.91 mg/L) and CP4 (2.23 mg/L)
underscores the enhanced nitrogen mineralization in green waste relative to olive mill
waste [4]. Olive mill waste seems to increase the F− availability, as shown by CP4’s elevated
F− content (2.02 mg/L). The values of PO4

3− exhibit a hierarchy of CP2 > CP4 > CP3,
indicating that both sugar beet waste and olive mill waste enhance phosphorus availability
more efficiently than green waste.

4.2. Effects of Phosphocompost Extracts on Tomato Morphological Growth

Tomato production is currently facing multiple challenges, with M. javanica. infection
being a significant concern. This study addressed the aforementioned issue by imple-
menting a sustainable and eco-friendly substitute, specifically phosphocompost extract
for the mitigation of M. javanica-induced pathogenicity on tomato crop. The results of this
investigation demonstrated the efficacy of compost extracts in promoting tomato growth
while simultaneously providing control against M. javanica. This aligns with the prior
research indicating the effectiveness of different phosphocompost extracts in promoting
plant growth during nematode infection. For instance, Tikoria et al. [50] demonstrated
that vermicompost extracts from neem and cattle dung significantly enhance the morpho-
logical traits and growth of M. incognita infected-tomato plants. Similarly, Xiao et al. [13]
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demonstrated that compost and vermicompost derived from cow manure enhanced tomato
growth under M. incognita infection. Additionally, Rostami et al. [16] showed that com-
post and vermicompost extracts from arugula effectively enhanced tomato growth in the
presence of M. javanica. Xu et al. [51] found that applying compost extracts derived from
pig manure and rice straw directly increased the root fresh weight of Meloidogyne spp.
infected-tomato plants.

Among the evaluated extracts, CP2, especially at the 1:5 (g:mL), displayed the highest
efficacy in boosting tomato growth. The enhanced performance can be attributed to the
incorporation of sugar beet waste with the composted materials, which has demonstrated
improvements in soil physicochemical properties, such as the content in organic matter
and nutrient mobilization [52]. The incorporation of compost made from sugar beet waste
has been proved to improve soil fertility via the increase in enzyme activity and nutrient
availability, which support early vegetative growth and overall plant health [52,53]. The
effectiveness of CP2 may also be attributed to the proliferation of specific microbiota
capable of solubilizing phosphate and other essential nutrients stimulated by sugar beet
waste as a carbon source [4], thereby offering them for plant absorption and boosting the
morphological growth of tomato plants.

4.3. Effect of Phosphocompost Extracts on Physiological Development of Tomato

The negative effect of M. javanica infection on photosynthetic pigments was significant,
consistent with the earlier studies that have demonstrated that Meloidogyne spp. infection
stresses tomato plants, which leads to reduced chlorophyll content [54–56]. The observed
reduction is likely attributable to the destabilization of chloroplast membranes, result-
ing from the accumulation of hydrogen peroxide and other reactive oxygen species [57].
The phosphocompost extract treatments demonstrated different levels of effectiveness
in alleviating this effect. CP4 remarkably increased chlorophyll a content; however, this
increase was not a concentration-dependent effect. Recently, Faraloni [58] reported that the
application of olive mill waste compost to Tanacetum balsamita significantly improved its
photosynthetic quantum yield and electron transport efficiency. The application of olive
mill waste also increases the levels of RuBisCO and photosynthetic pigments in tobacco
plants, indicating a potential enhancement in photosynthetic capacity [59]. CP3 at 1:5 and
1:10 restored chlorophyll b levels to those observed in the control group. The incorporation
of humic acid and biochar to composted green waste has been proved to enhance the overall
chlorophyll levels, especially chlorophyll b [1]. Furthermore, the combination of green
compost and Chlorella microalgae mitigated the impacts of drought stress and importantly,
increased the content in chlorophyll b in plants [25]. Carotene levels were consistently
elevated across all treatments, showing no significant differences across the treatments or
relative to the control. This indicates that carotene accumulation may represent a general
stress response to Meloidogyne infection rather than being specifically triggered by compost
extract treatment, as no significant differences were noted among the treatments or the
control. These findings support those of Tikoria et al. [50], who reported increases in
chlorophyll a and b levels following compost extract treatment, whereas carotene levels
showed no significant change. This increase in chlorophyll content can be linked to the
higher nitrogen levels found in the leaves of plants treated with compost extracts [50].

The responses of TPC and TFC to different phosphocompost extracts reveal complex
interactions between extract composition, concentration, and plant secondary metabolites.
CP2 demonstrated a distinct concentration-dependent effect on TPC synthesis, with in-
creases noted at lower dilutions (1:10, 1:20, and 1:100), whereas a decrease was observed
at the highest concentration (1:5). This pattern suggests a hormetic response, potentially
related to sugar beet waste components, characterized by a biphasic dose–response rela-
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tionship, where low doses produce stimulatory effects, and high doses lead to inhibitory
outcomes [60–62]. Additionally, compost made from sugar beet waste has a more sub-
stantial impact on the concentration of polyphenols in plants than flavonoids owing to
its richness in phenolic precursors in addition to its capability of encouraging microbial
activity, and enriching the soil with minerals that are conducive to polyphenol biosynthe-
sis [63,64]. In contrast, CP4 significantly enhanced TFC at a 1:10 concentration, whereas the
other treatments exhibited no notable changes in TFC. This demonstrates a specific dose-
dependent activation of flavonoid biosynthesis, likely due to the polyphenol-rich content of
olive mill waste [65], which may act as a precursor or stimulator of flavonoid production.

The observed lack of TFC response across treatments, juxtaposed with the variable
TPC outcomes, suggests that these extracts primarily affect non-flavonoid phenolic com-
pounds. Previous studies have indicated that compost may enhance the phenolic content,
but it may not similarly affect flavonoids and could potentially reduce their levels [66,67].
The observed disparity may result from the unique nutrient composition of the compost
or the metabolic response of the plant to various stressors or nutrient availability [66,67].
Yusof et al. [67] reported that vermicompost application enhanced the stability of phenolic
compounds while minimally affecting flavonoid expression in Clinacanthus nutans (Acan-
thaceae), underscoring the importance of the compost type and nutrient composition in
influencing the levels of various bioactive compounds.

4.4. Effect of Phosphocompost Extracts on M. javanica Reproduction

The findings regarding M. javanica reproduction and multiplication indicated that
phosphocompost extracts, particularly CP2, exhibited dose-dependent effects on M. javanica
population management at 1:5, 1:10, and 1:20. CP2 markedly decreased the final nematode
population, population growth rate, and reproduction capacity relative to those of the
control, indicating its potential efficacy as a nematode management strategy. This finding
was corroborated by Akhtar and Alam [68], who indicated that sugar beet by-products
can regulate nematode populations by enhancing the activity of predators, resulting in
diminished nematode populations and improved crop yields.

Nonetheless, the minimal effect on the egg masses and gall index across the majority
of treatments suggests that although these phosphocompost extracts may reduce overall
nematode populations, they do not effectively inhibit initial root invasion or fully disrupt
the nematode life cycle. This observation corresponds to the findings of Nico et al. [69],
who indicated that while nematode populations may be reduced, certain composts do not
have a significant impact on root galling. The observed discrepancy may be due to the
timing and method of compost application, which may not align with the critical stages of
nematode infection and gall formation [69].

Although the compost extracts exhibited promising effects, a limitation of this study
is the reliance on a single end-point evaluation conducted 90 days post-inoculation. This
timing was purposefully chosen to align with the typical physiological maturity period of
tomato crops, which generally spans 90 to 120 days in greenhouse settings. This allowed for
a comprehensive evaluation of the long-term plant performance and cumulative nematode
suppression. However, the absence of earlier sampling points may have hindered our
ability to detect the immediate protective effects of the extracts during the initial stages of
nematode invasion. Future research should consider incorporating multiple assessment
time points, such as 30 and 60 days, to better capture the temporal dynamics of extract
efficacy. Additionally, conducting long-term trial across different seasons and environ-
mental conditions would help confirm the reproducibility and scalability of the results for
sustainable nematode management.
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4.5. Principal Component Analysis (PCA) of Phosphocompost Extract Effects on Tomato Growth
Parameters and M. javanica Reproduction Metrics

The differential impacts of phosphocompost extracts on M. javanica reproduction and
tomato plant performance are emphasized by the PCA results, which identify CP2 as the
most promising extract for effective management of RKNs. The strong correlation between
CP2 and the growth parameters of tomato, such as SFW and RW, and its limited correlation
with nematode reproduction metrics, indicate that this extract effectively promotes plant
growth while reducing nematode infestation. This effect may be attributed to the increased
levels of phenolic and flavonoid compounds in CP2, as it contains sugar beet waste [64],
which have been associated with the suppression of nematode activity, as shown with the
PCA. Conversely, CP4, despite its favorable impact on specific physiological traits such as
Chla, appears to facilitate nematode reproduction, as demonstrated by its significant corre-
lation with GI, FP, and RF. This discovery suggests that there may be potential trade-offs
linked with the employment of CP4, as it may have the capacity to exacerbate the infes-
tations of nematodes in susceptible crops. Although its efficacy in controlling the density
of nematodes was less pronounced than that of CP2, CP3 could be a viable intermediate
option owing to its balanced impact across multiple parameters. These results underscore
the necessity of customizing compost formulations to improve the performance of plant
and attenuate the risk of pathogen proliferation. CP2 displays the greatest effectiveness as
a prospective bionematicide for sustainable tomato cultivation under nematode stress.

Overall, CP2 demonstrated the most favorable outcomes, exhibiting significant pos-
itive effects on various essential plant growth parameters and TPC, while effectively
reducing nematode populations and reproduction rates. In contrast, CP4 specifically el-
evated TFC, suggesting that the origin of various compost extracts may elicit different
physiological responses in plants. The differences between CP2 and CP4 highlight the
significance of compost source and composition in influencing their effectiveness against
nematodes and their effects on plant health. The superior effectiveness of CP2 in boosting
plant growth and reducing nematode populations may be attributed to its distinct chemical
profile. CP2 contained the highest concentrations of Mg (7.04 mg/L), S (34.72 mg/L),
and Na (128.20 mg/L), along with elevated PO4

3− levels (12.91 mg/L). Magnesium and
phosphorus are key elements involved in chlorophyll synthesis and energy transfer [70,71],
supporting robust vegetative growth, while sulfur plays a role in the synthesis of defense-
related secondary metabolites [72]. Sodium may contribute to enhanced osmotic regulation
and stress tolerance [73]. These combined effects likely explain the pronounced increases
in shoot fresh weight, root development, and polyphenol accumulation observed with
CP2. In contrast, CP4, which was rich in Ca (24.21 mg/L) and K (392.50 mg/L), was
more effective at enhancing chlorophyll content and flavonoids, but showed less consistent
suppression of nematode reproduction. These findings suggest that nutrient composition,
particularly micronutrient and anion balance, plays a pivotal role in defining both plant and
nematode responses to compost extracts. The distinct advantages of each extract indicate
the possibility of customizing applications based on the primary goals of plant protection
and growth enhancement.

Compared to synthetic chemical nematicides, phosphocompost extracts offer a low-
cost organic material and secure substitute for managing M. javanica in tomato crops. While
chemical nematicides such as fluopyram and fluopimomide have shown efficacy—reducing
nematode reproduction by over 50–82% [73,74]—their action is primarily limited to nema-
tode control. They do not contribute to plant growth promotion or soil improvement and
may pose risks such as phytotoxicity, environmental contamination, and resistance devel-
opment. In contrast, phosphocompost extracts like CP2 not only suppressed nematode
populations at comparable or superior levels but also improved plant growth, enhanced
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nutrient uptake, and stimulated the accumulation of defense-related compounds such as
polyphenols. Furthermore, these organic formulations may promote beneficial microbial
communities and introduce antagonistic organisms into the rhizosphere, contributing to
long-term soil health and resilience. Their multifaceted benefits align well with integrated
pest management (IPM) and agroecological principles, supporting their use as a sustainable
solution for smallholder and organic farming systems.

5. Conclusions
Root-knot nematodes, particularly M. javanica, pose persistent and economically dam-

aging threats to tomato production by severely impairing the development of plant growth
and biomass. In light of the increasing regulatory pressure against chemical nematicides,
the development of effective and eco-friendly substitutes has become a pressing priority,
especially in intensive production systems, where nematode outbreaks are common.

This investigation proved that phosphocompost water extracts, specifically CP2 at a
1:5 g:mL ratio, can significantly enhance plant performance while suppressing nematode
development. CP2-treated plants exhibited a consistent rise in plant development metric
traits and TPC, indicating the activation of defense-related pathways. Concurrently, the
nematode density in the soil was reduced dramatically in comparison to the untreated
controls, confirming a strong suppressive effect on the reproduction of nematode.

However, the limited effect of the extract on root egg mass and galling suggests that
while it disrupts the multiplication nematode in the soil, it is less effective in preventing
early root penetration. This is likely due to the timing of post-inoculation application,
by which point the juveniles had already entered the root system. This limitation high-
lights the need for early application, ideally prior to nematode exposure, to maximize
protective efficacy.

Although assessments were conducted at 90 days to coincide with the standard
physiological maturity of tomato (90–120 days), future studies should include earlier time
points to better capture the immediate defensive attributes of phosphocompost extracts
against initial nematode invasion and validate their efficacy under different seasonal and
environmental conditions; additionally, long-term studies and evaluation on different crops
are needed. Future studies should also explore the optimal application timing, formulation
adjustments, and synergistic use with other organic or biological inputs to fully harness
their potential within sustainable tomato production systems. Overall, these findings
indicate that phosphocompost extracts are promising dual-function agents that enhance
plant vigor, while biologically suppressing nematodes. Their low cost, scalability, and dual
roles in biostimulation and biocontrol make them strong candidates for integration into
environmentally responsible pest control strategies.
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