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ABSTRACT 

Vegetable crops are commonly grown by both commercial and resource-poor farmers 

in South Africa. They are widely used as fresh and processed vegetables and as a 

result serve as an income for subsistence farmers. However, vegetables are subject 

to attack by a large number of pests, such as insects and nematodes. Plant-parasitic 

nematodes are among the most important pests of vegetables and cause substantial 

quality and quantity yield losses. Control of nematode pests is largely based on the 

use of pre-plant fumigants, granular and soluble synthetic chemical nematicides of 

which some have been withdrawn from the market due to health and environmental 

concerns. One of the solutions lies in the development of natural strategies for 

controlling nematode pests in the rural farming sector of South Africa.  

Soil amendments, constituting of various plant and animal sources, were evaluated in 

glasshouse and fields for their effects on Meloidogyne spp. infecting tomato in 

comparison to the synthetic nematicide fenamiphos and untreated control. Under field 

conditions, the plant-based pit-composting treatments decreased nematode 

population densities, from 43 to 94%; with the citrus fruit-pit compost being the most 

effective (reducing nematode densities by up to 94%) and significantly enhanced yield 

by 100 to 400%. The application of citrus juices (grapefruit, lemon, mandarin and 

orange), citrus oils (lemon, lime and orange) and orange powder as soil amendments 

before planting tomato significantly suppressed the M. incognita root population 

densities compared to the untreated control under glasshouse conditions in tomato. 

Results from this present study furthermore showed that soil treatment with different 

dosages of lemon and orange juice significantly affected the Pf of M. incognita with 

higher rates of the orange juice resulting in lower Pf values. Moreover, results showed 

that the pre-plant, single-dose application exhibited adequate nematicidal effects since 

its Pf did not differ significantly from those of the follow-up applications. This is a further 

indication that farmers may benefit using citrus juices due to its cost-effectivity and 

less managerial inputs as demonstrated in this particular situation.  

These treatments were further tested under field conditions to evaluate the 

suppressive effect of different citrus oils, juices and orange powder applied as soil 

amendments on root-knot nematode population densities and their effect on free-living 

nematodes. The results demonstrated that a soil amendment of orange juice 
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consistently resulted in a substantial reduction of the root-knot nematode population 

densities in the rhizosphere soil compared to the other citrus oil treatments in the first 

trial. For the 2nd trial, when considering both years of testing, the application of lemon 

juice resulted in a significant reduction (97%) in Meloidogyne population densities in 

2017 in the rhizosphere soil compared to the untreated control. Despite treatments not 

differing significantly in 2016, the treatment with the juices in 2017 resulted in 

pronounced reductions of the root-knot nematode numbers, which were comparable 

to cadusaphos and oxamyl treatments. In 2016, the oils reduced the densities of 

Meloidogyne spp. and increased the number of free-living nematodes in the 

rhizosphere soil. With regard to yields, the results showed little and/or inconsistent 

increases for both the 1st and 2nd trials of the present study. Since the treatments did 

not differ from each other it may indicate that larger quantities of citrus-based juices, 

oils and powder should be evaluated under field conditions for improved growth or that 

it should be used in combination with other organic amendments and fertilizers.  

The results of the in vitro study clearly demonstrate the effect of the different 

concentrations and exposure times of the Citrus spp. fruit-based treatments on J2 

hatching and motility. All the tested Citrus-fruit-based juices (orange and lemon) and 

oils (lemon and lime) were found to be effective at all concentrations in reducing J2 

hatching. It was observed that the nematicidal potential of all these products was 

directly proportional to the concentration of the juices or oils because an increase in 

treatment concetration caused an increase in inhibition of J2 hatching.. The orange 

juice was the most effective among the tested juices and oils with respect to immotilize 

J2. However, other Citrus fruit-based amendments were also effective in causing J2 

motility with varying degrees at different concentrations and different exposure times. 

Further experiments are needed to evaluate the economic aspects and nematicidal 

activity under in vitro and in vivo conditions with other nematode species affecting high 

value crops and in different soil types. It will also be necessary to identify, charectarize 

the nematotoxic compounds, determine their mode of action before they can be 

included in integrated pest management system. 

Key words: Soil amendments, pit-composting, root-knot nematode, Citrus-fruit-

based, resource-poor farmers. 
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Chapter 1 

General introduction 

1.1. Background, scientific hypothesis, objectives and research outline 

1.1.1. Background 

Vegetables are important food crops in South Africa (SA) with farmers growing such 

crops being located across the country under different environmental conditions. The 

vegetable crops that have a high market growth potential in SA include beetroot (Beta 

vulgaris L.), maize and sweet corn (Zea mays L.), onion (Allium cepa L.), potato 

(Solanum tuberosum L.), spinach (Spinacia oleracea L.) and tomato (Lycopersicon 

esculentum Mill). Vegetables widely used fresh or processed, are a source of cash 

income for many subsistence farmers and serve as a cornerstone of human nutrition, 

and are vital for a healthy and balanced diet. Thus, harvested global quantities of 

vegetables are more than 1 billion metric tons (MT) per year. Over three quarters of 

this production volume is generated in Asia, while in the United States of America 

(U.S.A) 1.09 million hectares are used for growing vegetables (FAO, 2019). 

Vegetables are important in the rural agricultural sector because they are an important 

food source for domestic consumption, contribute to the enlargement of the market for 

industrial output by increasing the supply of domestic savings, and earning foreign 

exchange through agricultural exports. They will also contribute to the world’s dietary 

transitions due to the steep human population growth curve that may result into higher 

consumption of fruits and vegetables (DAFF, 2018). 

Vegetables are parasitised by a large number of diseases and pests, such as fungi, 

plant-parasitic nematodes (PPN) and insects (Hoffman et al., 2004; Jones et al., 2017; 

Visser et al., 2017). The following estimated yield quantity and/or quality losses are 

experienced annually in SA due to a lack of proper management: ± 30% of leafy 

vegetables, such as cabbage (Brassica oleracea L.), lettuce (Lactuca sativa L.) and 

spinach; 30% of fruit vegetables, such as tomato and green bean (Phaseolus vulgaris 

L.); and ± 25% of root vegetables, such as potato and carrot (Daucus carota L.) (DAFF, 

2017a). Plant-parasitic nematodes are among the most important pests of vegetables 
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and can cause substantial quality and quantity yield losses (Onkendi et al., 2014; 

Fourie et al., 2017; Hallmann and Meressa, 2018).  

During surveys conducted in the Mpumalanga, KwaZulu-Natal and North-West 

provinces of SA, root-knot nematodes (Meloidogyne spp.) were identified as the 

predominant group of PPN occurring in high population densities in the rhizospheres 

of most vegetable crops sampled (Onkendi et al., 2014; Mashela et al., 2017; 

Rashidifard et al., 2019). For example, population densities of 25 000 and 64 000 

second-stage juveniles (J2) of Meloidogyne spp. per 30 g pepper (Capsicum annuum 

L.) and tomato roots, respectively, were recorded and several gardens were 

abandoned because of these severe nematode problems (Mtshali et al., 2002; Ntidi et 

al., 2012; Mashela et al., 2017).  

Root-knot nematodes attack plant roots, tubers, rhizomes and other below-ground 

plant parts (e.g. pods) causing suboptimal absorption of water and nutrients by the 

plant (Ferraz and Brown, 2002; Jones et al., 2017). Damage caused by root-knot 

nematodes is often not obvious or even visible, especially during the early stages of 

infection and where poor crop-growth conditions, such as low soil fertility, prevail. 

Nematodes are, consequently, rarely perceived to be pests of agricultural crops by 

farmers and extension specialists. It is, therefore, not surprising that farmers’ 

perception of nematodes as pests is also very limited (Bridge, 1996). During a survey 

of vegetables gardens in the Mpumalanga province in the Lowveld, farmers attributed 

the deterioration of vegetable production to insect pests and high temperatures 

because nematodes were not considered in the survey. However, the survey 

demonstrated that root-knot nematodes were the major pest causing yellowing of the 

leaves and stunted plant growth (Daneel et al., 2004).  

Control of nematode pests is largely based on the use of pre-plant fumigants as well 

as granular and soluble nematicides (Mazhar et al., 2002. Reddy et al., 2013; Jones 

et al., 2017; DAFF, 2018). For emerging farmers who cannot necessarily read 

instructions on the labels, unsafe handling of the pesticides can cause immediate or 

prolonged chronic health problems, such as damage to the lungs, eyes and skin. The 

inherent toxicity of pesticides and their ability to persist in nature (soil and water) 

represent a substantial safety hazard to humans and non-target animals, and is a 

grave source of environmental contamination. As a result, many pesticides have been 
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withdrawn or are in the process of being withdrawn from chemical world markets 

(Ferraz and Brown, 2002; DAFF, 2017b). Also, the high cost of many pesticides make 

their use by subsistence farmers too expensive (Akhtar and Malik, 2000; Ferraz and 

Freitas, 2004). 

The nematode problem in this important agricultural sector is aggravated by insects 

and nematode pest species ability to develop resistance against commonly used 

pesticides. The lack of accurate and current data on the various Meloidogyne spp. 

present in different parts of SA and the polyphagous nature of these pathogens 

(Onkendi et al., 2014) are important contributors to nematode problems experienced 

by farmers. Monoccropping of agricultural crops that are highly susceptible to root-

knot nematodes furthermore aggravate the nematode problem. The lack of knowledge 

about PPN and their behavior in small-scale farming systems remains a major 

challenge to vegetable production in SA. Such intensive cropping will result in a 

buildup of PPN and subsequent damage and reduced yield (Mashela et al., 2017).  

The development of low-input, environment-friendly and sustainable strategies for 

managing nematode population densities below damage threshold levels on 

vegetables in the small-scale farming sector of SA has become an urgent challenge 

(Mashela et al., 2017). One of the possible alternatives consists of the use of organic 

soil amendments that are generally considered as a cost-effective and eco-friendly 

alternative for these farmers. Organic soil amendments entail that organic matter is 

added to the soil, e.g. compost, manure, mulch, humus and wood chips, to improve 

soil texture, water retention, drainage and aeration as demonstrated by the addition 

of, for example, animal manures, composts and oil cakes (Miano and Rodriguez-

Kabana, 1982; Oades, 1984; Adekunle et al., 2015; Aisha et al., 2015; Ismael, 2015a; 

Sasmita et al., 2018). Ultimately, the advantage is that organic amendments do not 

pollute natural resources, neither destroy human and animal life but rather enhance 

the biodiversity of soil-inhabiting organisms (Luc et al., 2005). In addition, soil chemical 

properties are improved through the effect of organic soil amendments, e.g. increased 

soil cation exchange capacity and its ability to buffer pH changes (Angelova et al., 

2013).  

1.1.2. Scientific hypothesis 
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According to previous research findings, the tomato cultivars Monica and Rodade are 

susceptible to Meloidogyne spp. (Daneel et al., 2018). It is hypothesized that Citrus 

spp. fruit-based soil amendments will reduce Meloidogyne spp. population densities 

and will improve growth and yield of tomato. The soil treated with organic amendments 

is furthermore expected to enhance biodiversity of soil-inhabiting organisms, for 

example, an increase in free-living nematodes after the application and decomposition 

of soil amendments was reported (Luc et al., 2005). 

1.1.3. Objectives  

The overall objective of the study was to determine the effects of Citrus spp. fruit-

based organic soil amendments in reducing Meloidogyne spp. population densities 

and growth enhancement of tomato.  

The specific objectives were to assess: i) the efficacy of pit-composting organic 

amendments in reducing Meloidogyne spp. population densities as well as its effects 

on the yield of tomato under field conditions; ii) the effect of Citrus spp. juices, oils and 

powders in reducing Meloidogyne incognita (Kofoid and White, 1919)  Chitwood, 1949 

population densities and enhancing tomato plant growth and yield under both 

glasshouse and field conditions; and iii) in vitro bioassays to assess the effect of Citrus 

spp. oils and juices on the hatching and motility of J2 of M. incognita. 

This research will assist small-scale farmers with options to manage nematodes using 

environment-friendly nematode strategies that is expected to also increase crop yield. 

Ultimately, growers will be informed about the best organic soil amendment options to 

rely on. Tomato or vegetable growers will in this way be empowered to effectively 

practice one pillar of integrated pest management (IPM), namely the addition of 

organic soil amendments, to alleviate nematode problems in small-scale farming 

systems in the long term. 

1.1.4. Research outline 

The first objective was achieved by assessing the effect of pit-composting on 

Meloidogyne spp. population densities and yield of tomato under field conditions at the 

Agricultural Research Council-Tropical and Subtropical Crops (ARC-TSC) research 
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institute in Mbombela (Chapter 2). The second objective was achieved by assessing 

the effects of Citrus spp. juices, powders and oils of grapefruit (Citrus paradisi 

Macfad.), lemon (Citrus limon L. Osbeck), lime (Citrus aurantifolia (Christm and 

Panzer), mandarin (Citrus reticulata (Blanco and C. Unshiu) and sweet orange (Citrus 

sinensis L. Osbeck) soil amendments on M. incognita population densities, tomato 

plant growth and yield in the glasshouse, and in the field at the ARC-TSC in Mbombela 

(Chapters 3 and 4). The third objective was achieved by conducting in vitro bioassays 

to determine the effect of various concentrations of sweet orange juice, lemon juice, 

lemon oil and lime oil on the hatching and motility of J2 of M. incognita (Chapter 5). 

1.2. Literature review 

1.2.1. Tomato  

1.2.1.1. Origin  

The tomato (originally from Southern American Andes) Lycopersicon esculentum Mill 

(formerly Solanum lycopersicon L.) is an annual vegetable that is a member of the 

Solanaceae or night shade family, along with potato (Solanum tuberosum L.), pepper 

(Capsicum annuum L.) and eggplant (Solanum melongena L.) (Gerszberg et al., 

2015).  

1.2.1.2. Anatomy and growth stages  

Tomato is a dicotyledonous (herbaceous) short-lived perennial diploid (2n = 24), 

usually sprawling plant (up to 4 m tall) that is grown as an annual crop, with a crop 

cycle of 5-6 months. Tomato has a vigorous tap root system that grows to a depth of 

50 cm or more. The main root produces dense lateral and adventitious roots. Stem  

(solid, coarse, hairy and glandular) growth habit ranges between erect and prostrate. 

Tomato has compound leaves, with leaflets distributed along the leaf rachis. Leaflets 

are ovate to oblong and covered with glandular hairs. Small pinnates appear between 

larger leaflets. Inflorescence is clustered and produces 6-12 flowers; petiole is 3-6 cm. 

Bisexual, regular flowers (1.5-2 cm in diameter), usually having 6 petals up to 1 cm in 

length, yellow and reflexed when mature (Fig. 1.1), grow opposite or between leaves. 

Calyx tube is short and hairy, sepals are persistent. It has 6 stamens and the anthers 
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are bright yellow in colour surrounding the style with an elongated sterile tip (Rost, 

1996). The ovary is superior and has 2-9 compartments (DAFF, 2010).  

Tomato is mostly self- but partly also cross-pollinated. Bees and bumblebees are the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

most important pollinators. Fruits are fleshy berries, globular to oblate in shape and 2-

15 cm in diameter. The immature fruit is green and hairy; ripe fruits’ colours range from 

yellow, orange to red. It is usually round, smooth or furrowed. Seeds are kidney- or 

pear-shaped. They are hairy, light brown 3-5 mm long and 2-4 mm wide. The embryo 

is coiled up in the endosperm. Tomato plants go through two developmental stages 

(Fig. 1.2), which include a vegetative and reproductive phase. Seed germination under 

optimal conditions takes 5-10 days. Emergence to flowering takes about 10-12 weeks, 

and the seedlings can be transplanted to the field 3-6 weeks after sowing. 

Reproduction takes about 2 weeks in which fruits set and the first harvest is possible 

at 45-55 days after flowering, or 90-120 days after sowing (DAFF, 2010). 

 

Figure 1.1. Flower (Left) and leaves (Right) of tomato (Lycopersicon esculentum) 

(adapted from Rost, 1996). 
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Figure 1.2. Schematic representation of the germination, seedling development and 

growth of a tomato plant (adapted from Shamshiri et al., 2018). 

1.2.1.3. Worldwide tomato production  

The estimated total world production of tomato in 2019 was 182.301 million metric tons 

(MMT). The dominating countries in terms of production are China (60 MMT), India 

(21 MMT), Turkey (13 MMT), United States of America (11 MMT) and Egypt (7 MMT) 

(FAO, 2019). These countries represent 63% of the world tomato production. South 

Africa is ranked 35th worldwide, with 608 thousand MT produced during 2019 and is 

the dominant producer of tomato in the Southern African Development Community 

(SADC); growing 54% of the tomatoes on 11% of the total cropped area (Malherbe, 

2015).  

1.2.1.4. Tomato production in South Africa 

Tomato is the second most important vegetable produced in SA (FAO, 2019) and is 

grown for its edible fruit that is consumed as a vegetable. South Africa produced about 

537 257 MT of tomatoes on approximately 7 116 ha in the 2017/2018 season (FAO, 

2019). It is not only cultivated commercially but also commonly grown by subsistence, 

resource poor farmers and home gardeners (DAFF, 2018). It contributed 

approximately 24% (excluding potato) to the gross value of vegetable production in 

the 2017/18 season (DAFF, 2018). The main production areas in SA are the Western 
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Cape, Eastern Cape, Kwazulu-Natal, North-West, Mpumalanga and Limpopo 

provinces (Fig. 1.3). There are approximately 695 producers in both the commercial 

and emerging sector. The commercial sector contributes 95% of the total produce 

while the emerging sector contributes only 5% (DAFF, 2015). Limpopo province is the 

major production area with 3 590 ha (2 700 ha in the Northern Lowveld; 890 ha in the 

far Northern areas) (DAFF, 2015). The province accounts for more than 75% of the 

total area of tomato planted. The other main producing areas are the Onderberg area 

(Mpumalanga province: 770 ha) and surrounding areas of East London (Eastern Cape 

province: 450 ha). Tomato production in SA does not only benefit the farmers but also 

the economy of the country as a whole. The vegetable is sold throughout national and 

regional fresh produce markets (Sibomana et al., 2017). 

 

Figure 1.3. Map of South Africa indicating the main tomato producing areas in the 

Eastern Cape, Free State, Gauteng, Kwazulu-Natal, Limpopo, Mpumalanga, Northern 

Cape, North-West, and Western Cape provinces (adopted from, the National 

Agricultural Marketing Council, 2012). 

1.2.1.5. Production requirements 
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The wide variation in climate in SA allows planting and production of good quality fresh 

tomato crops in open fields in various parts of the country throughout the year. A 

tomato crop requires very stable temperature ranges. Temperature variation might 

result in poor fruit quality or reduced quantitative yields. The ideal sowing times are 

October in cool areas, September to November in warm areas and February to July in 

hot areas. Hot dry wind causes excessive flower drop while continuous moist, rainy 

weather conditions results in occurrence and spread of diseases. It is therefore 

recommended that tomato be grown in dry areas under irrigation (DAFF, 2010). 

Production requirements are summarized in Table 1.1 and include soil preparation 

and soil type, cultivar selection, planting, fertilization, irrigation and pest and disease 

control.  

Table 1.1. A summary of production requirements to optimize tomato yield under 

South African climatic conditions. 

Climate requirements 

The optimum temperatures for growth are 20 to 25 °C, with monthly means between 18 and 27 °C. Temperatures below 12 °C 

and above 35 °C,  and prolonged cloudy conditions affect fruit set and quality (DAFF, 2010). 

Soil 

Tomato is grown in deep, fertile and humus-rich, moisture-retentive soils which are free of nematode pests. Soils should be 

drained to the depth of at least 1 200 mm, however, 600 mm is also acceptable. Tomatoes are adaptable to grow well in 15-

35% clay soil, with pH 5-6 (DAFF, 2010). 

Cultivar selection 

There is a very wide range of cultivars available for planting. The cultivar that best suits the farmer’s geographical area should 

be selected. The use of resistant cultivars should be considered to alleviate nematode problems (DAFF, 2010). Tomato cultivar 

Monica is, for example, a good host for root-knot nematodes (Daneel et al., 2018). 

Planting and spacing during sowing 

The seeding rates are 100-200 g for seed trays, 200-300 g for seedbeds and 500-750 g/ha for direct seeding in the field. The 

spacing should be 300-500 mm x 1 500-2 500 mm. Planting densities of 12 000-16 000 plants/ha are recommended for 

optimum yields (DAFF, 2010). 

Application of fertilizers 

Tomato requires adequate quantities of nitrogen (N) for fruit quality, size, color and taste, potassium (K) and phosphorus (P) 

for plant growth, yield and quality and they help the plants cope with stress. It requires 120kg N, 50kg P2O5 and 50kg K2O 

(DAFF, 2010).   

Irrigation 

The water use for tomato production will vary depending on climatic conditions. Under hot and relatively dry conditions, 550-

600 mm of water is needed; in cooler and moist regions, 400-500 mm; in frost-free coastal regions, 250-350 mm. It is important 

for the tomato roots to be kept moist throughout their growth and development (DAFF, 2010). 

Pest and diseases 

Integrated methods such as the use of registered pesticides, mechanical, biological and other cultural practices can be used 

to control pests and diseases (DAFF, 2018). 
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1.2.1.6. Importance of tomato  

The fruits of tomato are consumed fresh and raw in salads, cooked in sauces and 

served with cooked vegetables. Additionally, a substantial amount of tomato worldwide 

are being processed into canned produce, juices, ketchup, paste and dried tomato. 

Tomato has significant nutritional value containing lycopene, a powerful antioxidant 

that acts as an anticarcinogen, that can prevent prostate cancer and improve the 

human skin’s ability to guard against harmful ultraviolet radiation (Giovannucci, 1999; 

Wu et al., 2011; Raiola et al., 2014). Tomato juice is also known to reduce about 42% 

of damage to deoxyribonucleic acid (DNA) damage in lymphocytes caused by 

oxidative stress (Riso et al., 2006). Tomato is rich in minerals, vitamins, essential 

amino acids, sugars and dietary fibers. It is an important source of vitamins B and C, 

iron and phosphorus (Salunkhe et al., 1974). One medium tomato fruit can provide up 

to 40% of the recommended daily allowance of vitamin C and 20% of vitamin A.  

In SA, tomato are used in stews to complement the staple diet of maize meal. As a 

result, it is also one of the main vegetable used for hawking by small-scale 

entrepreneurs in the informal sector. The population of SA is estimated at 

approximately 57 million of which 843 000 are employed in agriculture, forestry and 

fisheries. The tomato industry employs approximately 22 500 people with at least 135 

000 dependents. Multipliers in the supply chains are the transportation of tomato to 

the fresh produce markets and processing plants and factories, fresh produce 

markets, independent traders, supermarket groups, packaging factories, informal 

traders, and fast food outlets. A significant proportion of this total workforce is 

composed of low-skilled and minimum-wage labourers (DAFF, 2018).  

Tomato contributed 22% to gross value of production during the year 2018 (DAFF, 

2018). The value of sales of tomato on the major SA fresh produce markets for the 

year 2018 was ZAR 1 830 202. Approximately 75.7% of total tomato exports went to 

Mozambique during 2018, 5.8% to Angola and 7.4% to Zambia (DAFF, 2018). 

1.2.1.7. Tomato production constraints  

Tomato are among the world’s most cultivated crops because they are easy to grow 

and are adapted to a wide range of environmental conditions. However, they are 
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attacked by a wide range of pests and diseases, including foliar diseases such as 

bacterial speck (Pseudomonas syringae), grey leaf spot (Stemphylium solani), early 

blight (Alternaria tomatophila), late blight (Phytophthora infestans), tomato leaf mold 

(Passalora fulva) and powdery mildew (Oidium neolycopersici); soilborne diseases 

such as bacterial wilt (Ralstonia solanacearum), corky root rot (Pyrenochaeta 

lycopersici), fusarium wilt (Fusarium oxysporum), verticillium wilt (Verticillium albo); 

insect pests such as aphids (Myzus persicae), bollworm (Helicoverpa armigera), 

cutworm (Agrotis spp.), leafminer (Liriomyza trifolii), spider mite (Tetranychus spp.), 

thrips (Thrips tabaci), whiteflies (Bemisia tabaci), and PPN. The PPN attack roots of 

tomato plants causing suboptimal absorption of water and nutrients by the plant 

(Ferraz and Brown, 2002). Nematodes are also vectors of other plant pathogens, for 

example, both juveniles and adults of Xiphinema americanum Cobb, 1913 can 

transmit Tomato Ringspot Virus which is acquired within 24 h of nematodes feeding; 

Longidorus elongatus (de Man, 1876) Thorne and Swager, 1936 can transmit Tomato 

Black Ring viruses (Brown et al., 1995). The damage caused to the plant roots provide 

an opportunity for other plant pathogens to invade the plant, for example, disease 

complexes associated with M. incognita are damping off (Rhizoctonia solani Kuhn), 

bacterial wilt, fusarium wilt (Fusarium oxysporum f. sp. lycopersici). Meloidogyne 

javanica is also associated with soft rot (Phythium debaryanum) (Back et al., 2002). 

Scientists, producers and related industries are, however, working on ways to improve 

tomato yields and to reduce risks of disease and pest infections. Some strategies 

applied to increase yields, which include organic soil amendments, the application of 

phytonematicides (Mashela et al., 2017), and the development of new cultivars that 

are adapted to the environment and resistant to infection by pathogens (Fourie et al., 

2001; Jones et al., 2017). 

1.2.2. Plant-parasitic nematodes with special emphasis on root-knot nematodes 

The PPN are among the most important pests of vegetables and can cause substantial 

quality and yield losses (Jensen, 1972; Netscher and Sikora, 1990; Luc et al., 2005; 

Jones et al., 2017). The severity of attack will vary from place to place, and from 

season to season, but some form of pest control will generally be necessary during 

virtually every crop cycle (Jones et al., 2017). Over 4 100 species of PPN that can 

cause yield losses have been identified globally (Decraemer and Hunt, 2013). 
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However, root-knot (Meloidogyne Göldi, 1889) and root-lesion (Pratylenchus Filipjev, 

1936) nematodes are the most economically damaging nematodes of tomato both 

commercially and in smallholder farming (Jones et al., 2017). 

In SA, 14 Meloidogyne spp. have been reported of which eight, namely M. arenaria 

(Neal, 1889) Chitwood, 1949, M. chitwoodii Golden, O’Bannon, Santo and Finely, 

1980, M. enterolobii Yang and Eisenback, 1983, M. fallax Karssen, 1996, M. hapla 

(Chitwood, 1949), M. hispanica Hirschmann, 1986, M. incognita and M. javanica have 

been associated with tomato (Keetch and Buckley, 1989; Kleynhans et al., 1996; 

Fourie et al., 2001; Mtshali et al., 2002; Ntidi et al., 2012; Jones et al., 2017; 

Rashifidard et al., 2019; SAPPNS, 2020). Second in terms of economic importance 

after Meloidogyne is the genus Pratylenchus. In SA, five Pratylenchus spp. have been 

associated with tomato (SAPPNS, 2020): P. brachyurus (Godfrey, 1929) Filipjev and 

Schuurmans Stekhoven, 1941, P. neglectus (Rensch, 1924) Filipjev and Schuurmans 

Stekhoven, 1941, P. scribneri Steiner, 1943, P. vulnus Allen and Jensen, 1951 and P. 

zeae Graham, 1951.  

Other nematode genera associated with tomato in SA are Criconema Hofmanner and 

Menzel, 1914, Criconemoides Taylor, 1936, Ditylenchus Filipjev, 1936, Geocenamus 

Thorne and Malek, 1968, Helicotylenchus Steiner, 1945, Hemicriconemoides 

Chitwood and Birchfield, 1957, Hemicycliophora de Man, 1921, Heterodera Schmidt, 

1871, Histotylenchus Siddiqi, 1971, Hoplolaimus von Daday, 1905, Longidorus 

Micoletzky, 1922, Nanidorus Siddiqi, 1974, Paralongidorus Siddiqi, Hooper and Khan, 

1963, Paratrichodorus Siddiqi, 1974, Quinisulcius Siddiqi, 1971, Rotylenchus Filipjev, 

1936, Rotylenchulus Linford and Oliveira, 1940, Scutellonema Andrassy, 1958, 

Subanguina Paramonov, 1967, Telotylenchus Siddiqi, 1960, Tylenchulus Cobb, 1913, 

Tylenchorhynchus Cobb, 1913, Xiphinema Cobb, 1913 and Xiphinemella Loos, 1950 

nematodes (Kleynhans et al., 1996; SAPPNS 2020). 

1.2.2.1. Classification  

Nematodes belong to the Phylum Nematoda which is divided into two classes: 

Chromadorea and Enoplea (Decraemer and Hunt, 2013). Both PPN and non-parasitic 

nematodes (NPN) are grouped under the class Chromadorea within the order 

Rhabditida. Based on the morphology of nematodes, the genus Meloidogyne Göldi, 
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1887 is classified under the Phylum Nematoda Potts, 1932; Class: Chromadorea Ingis, 

1983; Order Rhabditida Chitwood, 1933; Suborder Tylenchina Thorne, 1949; 

Infraorder Tylenchomorpha De Ley and Blaxter, 2002; Superfamily Tylenchoidea 

Orley, 1880; Family Hoplolaimidae Filipjev, 1934; subfamily Meloidogyninae 

Skarbobilovich, 1959 (Decraemer and Hunt, 2013).   

1.2.2.2. Identification 

Correct species identification is crucial since Meloidogyne is one of the most important 

nematode genera. Chitwood (1949) identified Meloidogyne species and listed 

comparative differences among M. arenaria, M. hapla, M. incognita and M. javanica 

based on their morphological characteristics. There are different methods of nematode 

identification. Originally only morphology and morphometrics (using light or scanning 

electron microscope) were used to determine the species, including perineal patterns, 

(Karssen et al., 2013; Rashidifard et al., 2019), differential host tests (Sasser, 1954) 

and isozyme phenotyping (Esbenshade and Triantaphyllou, 1990; Aydinli and 

Mennan, 2016). Since the late 1900s other methods, mainly including molecular 

diagnostics (Zijlstra et al., 2000; Hunt and Handoo, 2009; Moens et al., 2009; daCunha 

et al., 2018; Rashidifard et al., 2019) were developed. However, the challenges of 

Meloidogyne spp. identification are their conservative morphology, wide host ranges, 

species complexes, sexual dimorphism, polyploidy and the fact that species have a 

supposedly hybrid origin (Blok and Powers, 2009). 

It is difficult to identify various Meloidogyne spp. based on morphology and 

morphometrics only because of the similarities that exists among species (Moens et 

al., 2009). Since more than one Meloidogyne spp. can occur in an agricultural field, 

relying on only one diagnostic method may result in a wrong species diagnosis. 

Therefore using more than one identification method will help in correct species 

identification. For example, Meloidogyne mayaguensis Rammah and Hirschmann, 

1988 (which is now M. enterolobii based on the identical sequence of a mitochondrial 

DNA region) was in many cases misdiagnosed for over 20 years due to reliance on 

perineal patterns and differential host tests only (Xu et al., 2004; Carneiro et al., 2005). 

Another species, Meloidogyne paranaensis Carneiro, Carneiro, Abrantes, Santos and 

Almeida, 1996 was confused with M. incognita until isozyme esterase phenotyping 

and Random Amplified Polymorphic (DNA RAPDs) were used for its identification 
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(Carneiro et al., 2004). Isozymes and antibodies are biochemical approaches that 

have been used by Esbenshade and Triantaphyllou (1985) who reported the esterase 

patterns from 16 Meloidogyne spp. (Blok and Powers, 2009).  

1.2.2.3. Reproduction and development 

Meloidogyne spp. can have three types of reproduction: mitotic and meiotic 

parthenogenesis, and cross-fertilisation (Moens et al., 2009; Decraemer et al., 2014). 

Mitotic parthenogenesis is the most common type of reproduction. It usually occurs in 

M. arenaria, M. enterolobii, M. incognita and M. javanica (Castagnone-Sereno, 2006). 

The mature oocyte undergoes a single mitotic division forming a diploid egg (Jones 

and Goto, 2011; Perry et al., 2013). For some species either meiotic or mitotic 

reproduction occurs depending on the race. For example, M. hapla reproduces by 

cross-fertilisation when males are present (race A) and by meiosis when males are 

absent (race B) (Karssen et al., 2013).  

The duration of the life cycle of Meloidogyne spp. may be 20-30 days at an average 

soil temperature of 26 °C for thermophylic species such as M. incognita and M. 

javanica (Heyns, 1971). The life cycle consists of an egg stage, followed by four 

juvenile stages and ultimately the adult stage (Decraemer and Hunt, 2013). This 

means that even if nematode numbers are low at the beginning of the growing season, 

nematode population densities can rapidly increase and can become harmful to the 

crop in a relatively short period (Krueger and McSorley, 2014). The juveniles go 

through three moulting stages while continuing to feed on the cells of their host (Fig. 

1.3). Only the J2 life stage spends part of its life cycle in the soil. The J2 penetrate the 

roots of a host plant close to the root tip. Once inside the roots, the J2 migrate 

intercellularly into the vascular cylinder towards the cortical tissue. After establishment 

of a feeding site, the J2 moults, increases in size and develops into a third- (J3) and 

then a fourth- (J4) stage juvenile; the latter two juvenile stages do not have functional 

stylets and do not feed. The J4 develop into mature females or males that both have 

stylets. Changes in the body shape from the vermiform J2 to swollen J2, J3 and J4, 

and ultimately the obese females, are distinctive in Meloidogyne spp. When mature, 

the female lay eggs to complete the life cycle (Perry et al., 2013; Hunt et al., 2018).  
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Eggs are deposited by females in clusters (egg masses) in/on the surface of either the 

roots, tubers, rhizomes,  pods or other subteranean plant parts (Fig. 1.4). These egg 

masses are surrounded by a glycoprotein matrix produced by the rectal glands (Bridge 

and Starr, 2007; Perry et al., 2013). The egg masses are initially soft and sticky but 

become firmer and darker brown with age (Perry et al., 2013).  

 

Figure 1.4. Life cycle of root-knot nematodes (Meloidogyne spp.; adapted from 

Mitkowski and Abawi, 2003). 

1.2.2.4. Root-knot nematodes associated with tomato 

The root-knot nematode species that occur in the local tomato production areas are 

M. arenaria, M. chitwoodii, M. enterolobii, M. fallax, M. hapla, M. hispanica, M. 

incognita and M. javanica (Keetch and Buckley, 1989; Kleynhans et al., 1996; Mtshali 

et al., 2002; SAPPNS, 2020). Of the above-mentioned species, four are considered 

economically important pests of tomato: M. arenaria, M. incognita, M. javanica and M. 

hapla (Jones et al., 2017). Meloidogyne enterolobii, a highly pathogenic threat species 

worldwide (Castagnone-Sereno, 2012; Jones et al., 2013; Karssen et al., 2013) was 

identified for the first time in SA in the Mpumalanga province in 1997 from guava roots 

(Psidium guajava L.) (Willers, 1997). However, the identification of M. enterolobii from 
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various local agricultural crop production areas (Willers, 1997; Onkendi and Moleleki, 

2013; Onkendi et al., 2014; van den Berg et al., 2017; Visagie et al., 2018; Rashidifard 

et al., 2019; SAPPNS, 2020) during the past 10 years justifies addition of this species 

to the list of economically important root-knot nematode species referred to above. Its 

ability to render resistant genes, developed against its thermophilic counterpart 

species, ineffective; e.g. the Mi-1 gene in tomato (Kiewnick et al., 2009). Therefore it 

is crucial that this species is managed timely and effectively.  

1.2.2.5. Symptoms and damage 

Symptoms of root-knot nematode infection in tomato plants can be observed both 

above- and below-ground (Jones et al., 2017). The most characteristic symptoms of 

Meloidogyne spp. infection is the presence of galls on  roots causing extensive 

swellings and distortion of the root system (Sikora and Roberts, 2018). In tomato, the 

roots react to the presence of Meloidogyne spp. by the formation of large, fleshy galls 

(Fig. 1.5C). The roots also become shorter than those of healthy plants preventing 

deep soil penetration and limiting the uptake of water and nutrients (Luc et al., 2005; 

Jones et al., 2017). Meloidogyne spp. infection of young plants often leads to hooking 

of the tap root due to the presence of females on one side of the cortex. When tomato 

plants are severely infected with Meloidogyne spp., the roots turn into a completely 

disorganized vascular system (Bridge and Starr, 2007; Jones et al., 2017). Damage 

caused by root-knot nematodes during early stages of infection and where poor soil 

conditions prevail, such as low soil fertility, is often not obvious or visible. However, 

severe damage of the roots results in stunted plant growth, often visible in patches, as 

leaf chlorosis or as early wilting (in severe cases lead to dying of plants) and poor yield 

(Figs 1.5A and B) (Luc et al., 2005). 
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Figure 1.5. Damage cause by root-knot nematodes, A: Above-ground patches caused 

by root-knot nematode infection. B: Yellowing of the leaves. C: Massive galling 

induced by Meloidogyne spp. on tomato roots, Mbombela, Mpumalanga province, 

South Africa (Photo A by Dr Mieke Daneel, B and C by Grace Tefu). 

1.2.2.6. Damage potential 

Crop losses caused by pathogens are a serious threat to food production and food 

security worldwide. Among these pathogens, PPN are considered of great importance, 

with annual monetary losses of US$ 157 billion (Abad et al., 2008). Less than a decade 

ago, US$ 80 billion (Nicol et al., 2011) monetary losses was estimated worldwide as 

a result of the damage PPN can cause to agricultural crops. Damage so far have 

resulted in varying degrees of yield losses in different countries due to infection by 

different Meloidogyne spp. For example, in Ethiopia, Mekete et al. (2003) investigated 

the damage potential of M. javanica on tomato (cv. Marglobe) and pepper (cv. 

Marekofana) using different Pi (initial nematode population densities) levels under 

glasshouse conditions. The severity of root galling increased with the increase in Pi 

on both tomato and pepper confirming the high damage potential of M. javanica in 

both crops. In India, Hema and Khanna (2018) reported 35.2% and 37.4% tomato yield 

losses due to M. incognita in an experiment conducted during 2016 and 2017 under 

field conditions. In Turkey, Meloidogyne spp. caused up to 80% yield losses in 

processing-tomato growing areas (Kaşkavalci, 2007). 

In SA, infection by PPN caused tomato yield losses of approximately 21%, which 

resulted into monetary losses of ZAR 35.3 million in the 1980s (Keetch, 1989; Jones 

et al., 2017). Unfortunately no recent or other yield loss figure(s), as a result of PPN 

B C A 
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infection, is available for tomato under local production conditions. However, 

Meloidogyne spp. is known to adversely affect tomato production in SA (Fourie et al., 

2001; Mtshali et al., 2002; Ntidi et al., 2012; Jones et al., 2017). For example, during 

the 2002/2003 growing season high root-knot nematode population densities of up to 

64 000 Meloidogyne spp. J2 per 30 g roots of tomato were observed from roots of 

plants grown in small-scale farming gardens in Malekutu area (Mpumalanga Province) 

(Daneel et al., 2004). Several gardens had been abandoned due to nematode 

symptoms being confused with nutrient deficiency, drought and other disease 

symptoms that were incorrectly not ascribed to damage caused by PPN. 

Daiber (1990a) reported that the number of J2 and females of M. incognita and M. 

javanica increased with an increase in Pi (from 5 weeks after transplanting of the 

tomato cv. Rodade seedlings to termination) resulting in significantly lower plant height 

and yield. Similar results were obtained by Fourie et al. (2012) who reported that the 

population densities of M. incognita increased and were significantly higher in tomato 

roots of cv. Moneymaker compared with the resistant cv. Rhapsody under microplot 

conditions using different Pi. Rashidifard et al. (2019) investigated the reproductive 

potential of 12 populations of Meloidogyne spp. under glasshouse conditions on 

tomato cv. Floradade and the results showed that a mixed population of M. enterolobii 

and M. javanica had a significantly higher reproductive potential (Rf=15.7) compared 

to those of single species populations.  

1.2.2.7. Factors influencing damage potential  

Second-stage juveniles are exposed to and influenced by environmental, and other 

abiotic as well as biotic conditions such as soil temperature, soil type, aeration, organic 

matter content, distribution of host-plant roots, cultivation practices, pathogens and 

predators (Bridge and Starr, 2007). Soils that are moderately to slightly acidic with 

about 70% sand, for example, also influence the reproduction of Meloidogyne spp. 

(Guzman-Plazola et al., 2006). Nematodes are aquatic animals and are therefore 

dependent on moisture for activity. They become metabolically inactive and do not 

move when the soil is dry. The thermophillic root-knot nematode species (M. javanica, 

M. incognita and M. arenaria) are most active at soil temperatures of 24-32 °C, and 

become completely inactive when temperatures drop below 15 °C. Thus, in tropical 
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and subtropical regions, these species can multiply and cause damage throughout the 

year (Sikora and Roberts, 2018). 

1.2.3. Management strategies 

The role that PPN play in limiting vegetable production, depends to a large extent on 

the farming system applied (Sikora et al., 2005). Once high population densities of 

PPN have developed in a field, it is virtually impossible to eradicate them completely 

from the soil. Using the four main pillars of IPM, biological and chemical control, host 

plant resistance and mechanical methods may reduce the number of PPN populations; 

particularly clean planting material and equipment that is free from PPN, crop rotation, 

cover crops and biofumigation (James et al., 2011; Fourie et al., 2016), fallowing, soil 

solarization (Ozore-Hampton and Stanley, 2005), and organic soil amendments such 

as manure, plant extracts, compost and wood chips (Bridge and Starr, 2007; 

McSorley, 2011; Onkendi et al., 2014; Briar et al., 2016; Atandi et al., 2017; Mashela 

et al., 2017). 

A number of reviews on nematode management strategies have been published, but 

to be effective, it is necessary to combine as many components as possible into an 

IPM system (Sikora et al. 2005). Effective alternatives need to be logically selected for 

management programmes based on economics and reliability. It is also difficult to 

maintain PPN population densities at sufficiently low levels without the use of effective 

management tools used in a logical ordered, well planned system.  

1.2.3.1. Chemical control 

Control of nematodes is largely based on the use of pre-plant fumigants, granular and 

soluble nematicides (Mazhar et al., 2002; Bhat et al., 2012; Reddy et al., 2013; Jones 

et al., 2017; DAFF, 2018). A number of organophosphates and oxime carbamate 

nematicides were developed in the 1960s and their application was easy, 

straightforward and efficient (Wright, 1981). Daiber (1990b) has reported the efficacy 

of both pre- and post-plant fenamiphos treatments in reducing a mixed community of 

M. incognita and M. javanica that infected tomato. The application of nematicides is 

usually effective and has traditionally been used in controlling root-knot nematodes 

that infect agri- and horticultural crops worldwide (Mazhar et al., 2002. Reddy et al., 



20 
 

2013; Jones et al., 2017; DAFF, 2018). However, because of environmental and health 

considerations, many of these chemicals have been withdrawn from world markets 

during the past two decades (Ferraz and Brown, 2002; DAFF, 2017b); this trend will 

continue with the pressure enforced by environmentalists in particular. On the other 

hand, the use of some non-fumigant nematicides is now restricted to skilled operators 

who take adequate and stringent safety precautions (DAFF, 2018).  

1.2.3.2. Biological control 

Interest in using biological antagonists to control PPN was stimulated by the discovery 

of predatory nematodes (Cobb, 1917), nematode-trapping fungi (Linford and Yap, 

1939) and nematode parasites. Biological control agents that can act against PPN are 

widespread in cultivated soils worldwide and can help to control nematodes (Akhtar 

and Malik, 2000). The most commonly used biocontrol agents are fungi and bacteria. 

More than 30 genera and 80 species have, already been known to parasitize root-knot 

nematodes at the end of the 1990s (Sun et al., 1999). Many nematologists have 

identified natural enemies since then and have examined their biology, ecology and 

potential as biocontrol agents (Sikora et al., 2005; Wang et al., 2011; Cavoski et al., 

2012; Zeng et al., 2013; Dito et al., 2016; Annapurna et al., 2018). Huang et al. (2016) 

successfully reduced M. incognita population densities in cucumber (Cucumis sativus 

L.) following the application of a combination of Syncephalastrum racemosum and 

Purpureocillium lilacinus in pot and greenhouse experiments in China. Purpureocillium 

lilacinus and the nematode-trapping fungus Monacrosporium lysipagum used 

individually and in combination substantially reduced population densities of M. 

javanica, the cereal cyst nematode (Heterodera avenae Wollenweber 1924), and the 

burrowing nematode (Radopholus similis (Cobb, 1893) Thorne, 1949) in Australia in 

rhizospheres of tomato, barley (Hordeum vulgare L.) and banana (Musa acuminata 

Colla.) plants, respectively (Khan et al., 2006). Sharon et al. (2001) tested the effect 

of Trichoderma harzianum on M. javanica in greenhouse experiments in Israel on 

tomato demonstrating it’s ability to colonise M. javanica eggs and J2. Samaraj and 

Hari (2014) evaluated the effect of Pseudomonas fluorescens for its potential to control 

M. incognita on pepper (Capsicum annum L.) in India, with the bacterium being more 

effective than the chemical treatments. Purpureocillium lilacinus has also been proven 

to successfully control M. javanica and M. incognita in the rhizosphere of tomato, 
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eggplant and other vegetable crops (Verdejo-Lucas et al., 2003; Goswami and Mittal, 

2004; van Damme et al., 2005; Goswami et al., 2006; Haseeb and Kumar, 2006; 

Kumar et al., 2009). 

In SA, Viljoen et al (2019) reported that the plant growth-promoting rhizobacterium 

Bacillus aryabhattai strain A08 significantly reduced galling and egg masses on tomato 

roots in glasshouse trials. However, biological control of soil-borne pests has been a 

challenge for agricultural researchers for many years because the soil is a very 

complex ecosystem with many factors playing a significant and interactive role. 

Though, an understanding of cultivation methods and appropriate use of soil 

amendments can improve the efficacy of naturally-occurring biological control agents 

(Alabouvette et al., 2006). 

1.2.3.3. Resistant cultivars 

Very few of the popular vegetable cultivars have some level of resistance or tolerance 

to one or more diseases as well as against PPN. The selection of either resistance or 

tolerance can have important implications for successful vegetable production and 

may reduce production costs substantially. Worldwide successes of developing and 

identifying tomato resistant cultivars have been reported, particularly to M. arenaria, 

M. incognita and M. javanica (Bailey, 1941; Castagnone-Sereno et al., 1993; 

Kaloshian et al., 1996; Ornat et al., 2001; Fourie et al., 2012). The development of 

resistant cultivars may play a vital role and will reduce the population densities of target 

PPN such as root-knot nematodes. To ensure acceptance of tomato and other 

vegetable cultivars, cultivars can also be grafted onto nematode-resistant root stocks 

(Bridge and Star, 2007). Several root-knot resistance genes have been identified in 

tomato, e.g. the Mi-1 gene confers resistance to multiple species of root-knot 

nematodes. However, Kaloshian et al. (1996) identified two field populations of M. 

incognita that parasitized tomato plants containing the Mi gene in California. This is an 

example of the development of virulent populations of the species that renders such 

resistance ineffective. This observation underlines the necessiy to develop other 

control agents to use together with resistance genes in the cultivation of tomato. In 

SA, tomato cultivars Rhapsody, MFH 9324, FA 1454 and FA 593 were found to be 

resistant to M. incognita and this was verified in microplot trials using different Pi levels 

(Fourie et al., 2012). However, this work was done in 2012 and most of these cultivars 
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are probably not available anymore; this accentuates the importance of screening 

tomato cultivars that enters the market continuously for their host status to 

economically important root-knot nematodes. The focus should also be on including 

M. enterolobii in such screenings since to date tomato cultivars were only screened 

against the predominant root-knot nematode species (M. incognita and M. javanica) 

that infect the crop in local production areas. 

1.2.3.4. Nematode-free plant material 

The use of nematode-free plant material is one of the most important strategies 

towards preventing the introduction of PPN in a field/site and ultimately the elimination 

of such pests. This can be achieved by way of practicing quarantine measures, 

ensuring that nurseries are nematode-free (Pretorius and Le Roux, 2017; Storey et 

al., 2017) or using plant material such as tissue cultures (Daneel and De Waele, 2017). 

Quarantine can help prevent the introduction of new species into the country, region 

or fields. The introduction of economically-important nematodes such as Belonolaimus 

spp., Nacobbus spp. as well as important root-knot nematode species have been 

prohibited in the past, while quarantine measures have also ensured that species such 

as R. similis have a limited distribution in SA (Sikora et al., 2005; Daneel and De 

Waele, 2017). 

1.2.3.5. Equipment free of nematodes 

Root-knot nematodes can easily be spread by human activities that provide the  

movement of equipment from a contaminated to a non-infested field, for example the 

transport of infested soil, plant debris or water. The use of nematode-free equipment 

is an important step to avoid the infection by root-knot nematodes because once 

established, root-knot nematodes are difficult to eradicate (Coyne et al., 2009). Few 

experiments have been conducted to quantify the efficiency of sanitation methods. At 

the farm level, experts have recommended cleaning all agricultural machines and tools 

to avoid transporting PPN with the soil from one farm/field/site to another (Mateille et 

al., 2005). 

1.2.3.6. Fallowing 
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Plant-parasitic nematodes are obligate parasites of plants. and do not feed on other 

soil organisms (Abd-Elgawad and Askary, 2014). It is known that PPN population 

densities will decline when host plants are not present (Schomaker and Been, 2006). 

Bare fallowing, soil that is free of weeds and plants that may host nematodes, may 

also be an effective method of reducing Meloidogyne spp. especially when it is applied 

during hot, dry periods between crops when alternative weed hosts are seldom a 

problem (Sikora et al., 2005). Bare fallow has to be economical and acceptable to 

growers, thus, it is most effective when used with other methods like cover crops and 

rotation (Sikora and Roberts, 2018). Bare fallow has been shown to reduce M. 

incognita population densities by up to 90% in California (Roberts et al., 2005). The 

disadvantage of bare fallowing is its negative impact on soil health. Soil carbon levels 

decline when soil is fallowed and since many important physical, chemical and 

biological properties are influenced by organic carbon, even short fallow periods will 

be detrimental to soil health (Blair and Crocker, 2000; Sikora et al., 2005).  

1.2.3.7. Soil solarization 

The effectiveness of soil solarisation depends on sufficient heat achieved during 

solarization resulting in reducing the population densities of many PPN for at least one 

cropping cycle (McSorley and Parrado, 1986; Kaşkavalci, 2007). The efficacy of soil 

solarisation has been evaluated by many researchers (see for instance Katan, 2000; 

Gamliel and Stapleton, 1993; Kaşkavalci, 2007; Wang and McSorley, 2008) and it may 

be a beneficial addition to an integrated nematode management system. For example, 

in Turkey, Kaşkavalci (2007) reported that soil solarisation alone and in combination 

with the addition of chicken manure significantly reduced root galling of M. incognita 

on tomato and also improved plant growth under field conditions. Second-stage 

juveniles of M. incognita were killed in a water bath heated above 40 °C. Eggs were 

also killed at the same temperature but were more resistant to being damaged at low 

temperatures (Wang and McSorley, 2008). To achieve the required combinations of 

soil temperature and exposure (time), solarisation must be applied for several weeks 

during the period of maximum solar radiation (Elmore et al., 1997). 

1.2.3.8. Crop rotation  
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Rotation of a susceptible crop with a resistant crop can decrease the pathogen 

inoculum in an infested field (Sikora et al., 2005) and can also minimize the need for 

pesticides (Bridge and Star, 2007). Crop rotation can be an effective method for 

reducing damage caused by PPN if the plant species used in the rotation are resistant 

to the nematode species present in the field. For example, rotations with American 

jointvetch (Aeschynomene americana L.), castor bean (Ricinus communis L.), hairy 

indigo (Indigofera hirsute L.), partridge pea (Cassia fasciculate L.), sesame (Sesamum 

indicum L.) and velvetbean (Mucuna deeringiana (Bort) Merr. H) resulted in good 

Meloidogyne spp. control and increased yields of peanut (Arachis hypgaea L.) and 

soybean (Glycine max L. Merr) (Rodriguez-Kabana and Canullo, 1992). Barley 

(Hordeum vulgare L.) reduced M. hapla population densities on carrot (Daucus carota 

L.) and increased yield by 88% in Canada (Belair, 1996). Sorghum sudangrass 

(Sorghum bicolor L. S. bicolor var. Sudanense and var. Superdan) successfully 

reduced M. incognita and root-lesion nematode (Pratylenchus penetrans (Cobb, 1917) 

Filipjev and Schuurmans Stekhoven, 1941) population densities when rotated with a 

susceptible potato or cucumber (Cucumis sativus L.) crop under field conditions in 

Maryland, USA (Kratochvil et al., 2004). Rotation with broccoli (Brassica oleracea L.), 

carrot, marigold (Tagetes patula L.) and strawberry (Fragaria ananassa Duch) in a M. 

incognita infested field in Southern California, USA, reduced root galling by 36% on 

tomato and increased yields by 19% (Lopez-Perez et al., 2010).  

In SA, Berry et al. (2011) reported that crops such as black oat (Avena strigose 

Schreb.), wheat (Triticum aestivum T. durum), forage peanut and marigold reduced 

numbers of M. javanica and P. zeae. Other reports showing a limited availability of 

poor hosts, for example, chilli pepper cv Tabasco, tomato cvs Rhapsody, MFH 9324, 

FA 1454 and FA 593, maize cvs DKC78-15B, PHB3203 and DKC61-25B have been 

reported (Ngobeni et al., 2010; Fourie et al., 2012; Steyn et al., 2014; Fourie et al., 

2015). Furthermore, crop rotation needs time to be effective and the rotation crop is 

often a crop not providing an income; therefore having an negative economic impact 

for the farmer.  

1.2.3.9. Cover crops 

Cultivation of cover or rotational crops, especially Brassicaceae plants, occasionally 

suppressed soil-borne diseases, including PPN (Oka, 2010). Examples of some well-
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studied cover crops are cowpea (Vigna unguiculata L.), marigold, Indian mustard 

(Brassica juncea (L.) Czern.), mustard (Eruca sativa (Miller) Thell.), radish (Raphanus 

sativus L.), sudangrass (Sorghum x drummondi (Nees ex Steud.) Millsp. and Chase) 

and sunn hemp (Crotalaria juncea L.) (Ralmi et al., 2016). In the USA, cowpea 

promoted tomato growth when the crop rests were incorporated in the soil before 

planting a susceptible tomato cultivar, even in the presence of Meloidogyne spp. 

(Roberts et al., 2005). In Maryland, USA, Everts et al. (2006) reported that castor bean 

(Ricinus communis L.), sorghum sudangrass and soybean cv. Manokin significantly 

reduced M. incognita J2 population densities on potato especially when combined with 

poultry litter and used together with fallowing. Many Crotalaria plants have been used 

as cover crops and incorporated into the soil for their suppressive effect on PPN and 

their potential as nitrogen fixers (Wang et al., 2002). Wang et al. (2004) reported that 

sunn hemp residues, applied just before planting, substantially reduced M. incognita 

population densities in the soil and root galling on yellow squash (Cucurbita pepo L.).  

Brassicaceae limit the reproduction of PPN by producing glucosinolates during a 

process called biofumigation (Ploeg, 2008). The Brassica family has been studied 

abundantly and the results have shown that several brassicaceous plants are able to 

reduce PPN population densities and increase crop yields (Engelbrecht, 2012; Fourie 

et al., 2016; Daneel et al., 2018). They release isothiocyanates generated during 

fumigation which are known for their toxicity to PPN (Matthiessen and Kirkegaards, 

2006; Barros et al., 2014; Prakash et al., 2014; Ntalli and Caboni, 2017).  

In SA, several brassicaceous crops have been evaluated for their cover and 

biofumigation properties (Engelbrecht, 2012; Daneel et al., 2018). Daneel et al. (2018) 

evaluated the host status of E. sativa (cvs Rocket Trio and Nemat), B. juncea (cvs 

Caliente and Fumigreen) and R. sativus (cvs Doublet and Terranova) to M. incognita 

and M. javanica in separate glasshouse experiments and in field trials. The efficacy of 

such cover and biofumigant crops (after incorporation of their aerial parts) was 

evaluated against root-knot nematodes on potato (cv. Mondial) and tomato (cv. 

Monica), respectively. All cover crops evaluated in the glasshouse showed resistance 

against both Meloidogyne spp., except B. juncea cv. Caliente to M. incognita. 

Substantial reduction in number of eggs and J2 and significantly higher yield were 

recorded when tomato was grown after biofumigation, except for cv. Caliente which 
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decreased yield by 26%. Unfortunately, the same Brassicaceae cultivars (E. sativa 

(cvs Rocket Trio and Nemat, R. sativus (cvs Doublet and Terranova) increased M. 

incognita populations by 115% in a potato field trial (Engelbrecht, 2012; Daneel et al., 

2018).         

1.2.3.10. Organic amendments  

The use of organic soil amendments is an alternative nematode control practice that 

is increasingly receiving interest, particularly in the context of IPM (da Silva et al., 2018; 

Sikora and Roberts, 2018). These amendments, including garden waste, parts or 

extracts of plants, animal manures and various other substrates (Coyne et al., 2009), 

are incorporated into the soil to improve its physical, chemical and biological 

properties. Use of organic soil amendments such as oil cakes of various crops 

(soybean, sunflower [(Tithonia diversifolia Hemls) and others], animal manures, as 

well as plant amendments of various cover crops is one of the alternative, eco-friendly, 

cheap, safe and most efficient methods of pest control while enhancing various soil 

properties (Bulluck et al., 2002; Faruk et al., 2011; Kimpinski et al., 2003; Ferraz and 

Freitas, 2004; Quilty and Cattle, 2011). 

1.2.3.10.1. Manure, compost, plant waste material and oil cakes  

Organic soil matter is the foundation of healthy and productive soils because it 

promotes fertility, improves water holding capacity, reduces susceptibility to erosion, 

soil compaction and enhances resistance to pests and diseases (Cooperband, 2002). 

The quality of soil determines the health of crops and other micro-organisms that live 

in the soil (Miano and Rodriguez-Kabana, 1982; Oades, 1984; Cooperband, 2002; 

Nahar et al., 2006; Atungwu et al., 2009; Krueger and McSorley, 2014; Adekunle et 

al., 2015; Aisha et al., 2015; Quist et al., 2016; Sasmita et al., 2018). In addition, soil 

chemical properties are improved through the effect of organic soil amendments, e.g. 

increased soil cation exchange capacity and its ability to buffer pH changes (Angelova 

et al., 2013). Organic soil amendments help minimize the use of fertilizers because 

soil organic matter serves as a reservoir for plant nutrients (Cooperband, 2002; Luc et 

al., 2005). Organic soil amendments can enhance the microbial diversity and biomass 

in the soil. Furthermore, applications of organic soil amendments in the soil are not 

only beneficial for nematode management but also improve plant growth and 



27 
 

productivity (Ozore-Hampton and Stanley, 2005; Ozore-Hampton, 2012; Masaka et 

al., 2014). Organic soil amendments such as plant materials containing chitin, can 

release ammonia into the soil, suppress PPN directly and encourages the growth of 

other beneficial organisms in the soil (Treonis et al., 2018). 

The addition of organic material to soil infested with nematodes has been 

demonstrated as a promising control method against many PPN. Some of these 

materials directly release compounds toxic to nematodes such as phenols, tannin, 

azadirachtin and ricinin (Addabbo, 1995), or toxins that are released through the 

decomposition process, such as ammonia, nitrites and hydrogen sulphide (Rodriguez-

Kabana, 1986; Akhtar and Malik, 2000).  

Addition of organic manures, including compost, mulch, chicken manure and plant 

residues, resulted in a decrease in PPN population densities in various countries under 

different environmental conditions such as Australia (Stirling et al., 2011), China (Li et 

al., 2018), Canada (Forge et al., 2016), Egypt (Hamida et al., 2015), Kenya (Atandi et 

al., 2017) and SA (Mashela et al., 2017) to name a few. Other studies under 

screenhouses and field conditions provided evidence for improved growth and 

reduced PPN population densities. Pakeerathan et al. (2009) reported that green leaf 

manure from Gliricidia maculata (H.B.K.) Steud. significantly reduced M. incognita root 

galling (by 35.87%) and improved growth on tomato (by 22.47%) in Sri Lanka under 

field conditions. Wachira et al. (2009) revealed that organic soil amendments under 

screenhouse conditions in Kenya stimulated the occurrence of nematode antagonistic 

fungi (Arthrobotrys oligospora, A. dactyloidres, A. superba, Harposporium angulilae 

and Monacrosporium cionopagum) in the soil, with a 62% and 74% increase in 

bacterial and fungal feeding nematodes, respectively. The population densities of PPN 

were 92% lower in the chicken manure treatment. These nematode trapping fungi  use 

adhesive nets, adhesive branches or constricting rings, to trap and kill nematodes 

(Andersson et al., 2014). 

Several studies confirmed the efficacy of poultry refuse for the control of PPN on 

vegetable crops (Oka et al., 2000; Jose-Antonio et al., 2005; Chindo and Khan, 2008; 

Dikinya and Mofwanzala, 2010; Faruk et al., 2011; Amulu and Adekunle, 2015). Faruk 

et al. (2011) found that the application of poultry refuse at a rate of 3 t/ha reduced the 

number of M. incognita eggs effectively and resulted in a 43.37% increase in tomato 
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yield in Bangladesh. A positive effect of swine manure and green manure on tomato 

infected with root-knot nematodes was observed by Bulluck et al. (2002) and Grabau 

et al. (2018). These manures also encouraged the development of beneficial 

bacterivorous and fungivorous nematodes. 

Andres et al. (2004) reported that amending soil with composted potting mixture of dry 

cork at a rate of 100% reduced root galling inflicted by M. incognita race 1 by 40.8% 

and final population densities by 81.9%; it also reduced final population densities of 

M. javanica by 51.3% and 82.6%, respectively, on tomato under greenhouse 

conditions in Spain. Olabayi and Oladeji (2014), observed that amending soil with 

neem, cassava (Manihot esculenta Crantz) peel and sunflower leaf-based composts 

significantly reduced M. incognita J2 in the roots of okra (Abelmoschus esculentus (L.) 

Moensch) in Nigeria under field conditions. 

Grass and hedge clippings, tree trimmings and domestic garbage represent a large 

quantity of plant-derived organic wastes. Following degradation of the substrates by 

micro-organisms, they release ammonia or citric acid which may contribute to the 

mechanism of disease control (Lazarovits et al., 2001). Indian neem (Azadirachta 

indica A. Juss) is another example of a plant that has been widely studied for its 

nematicidal properties. The seed from the neem tree is the source of two types of 

neem-derived botanical insecticides: neem oil and medium polarity extracts (Dayan et 

al., 2009). Neem leaf powder was successfully used in Nigeria to control Meloidogyne 

spp. on tomato (Agbenin et al., 2005). Partially decayed peels of cassava  and sweet 

orange (Citrus sinensis L.) peelings have been tested against root-knot nematodes on 

tomato in Ghana (Manneh et al., 2016). Both fresh cassava and sweet orange peelings 

significantly reduced root galling and the number of eggs and J2 in the rhizospheres 

of tomato, and increased plant growth. Walker (2007) tested grassy weed residues, 

lucerne (Medicago sativa L.) pellets and poultry manure for the control of M. javanica 

on tomato in Australia. These products all resulted in high numbers of free-living 

nematodes being recorded in the soil, while it contributed to the suppression of 

population densities of M. javanica. Besides their effect on PPN, the application of 

farm manure and compost made from household wastes can increase the organic 

carbon and nitrogen contents of soils (Adugna, 2016; Mukai and Oyanagi, 2019).  
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Small-scale farmers in SA rely on organic wastes as the main source of fertilizer 

including cattle manure, chicken manure, organic wastes (made up of kitchen, garden 

and orchard wastes) and compost. The effect of animal manure, compost and 

marigold on rootknot nematode population densities was studied by nematologists in 

SA (Mtshali et al., 2002; Ntidi et al., 2012; Mashela et al., 2017). Root-knot nematode 

population densities were reduced by 52% on tomato in soil amended with chicken 

manure, and 28 to 92% by cattle manure (Mashela et al., 2017). Other studies showed 

significantly reduced root galling of cucumber when the soil was amended with a 

combination of fungi and cattle manure (Zakaria et al., 2013).  

1.2.3.10.2. Essential oils and plant extracts  

Natural plant products, such as essential oils and plant extracts, may provide an 

alternative nematode management option and have been demonstrated in a number 

of recent studies to be effective (Oka, 2010; Andres et al., 2012; Renco et al., 2014). 

Examples of the successful control of Meloidogyne spp. with the use of essential oils 

of bergamot (Citrus bergamia Risso and Poit), lemon-scented gum (Eucalyptus 

citriodora Hook), oregano (Origanum vulgare L.), peppermint (Mentha piperita L.), 

thyme (Thymus vulgaris L.) and wormwood (Artemisia absinthium L.), has previously 

been reported (Ibrahim et al., 2006; Abo-Elyousr et al., 2009; Amaro et al., 2017; 

Ozdemir and Gozel, 2017; Akhter et al., 2018). Essential oils such as jojoba 

(Simmondsia chinensis L.) oil were also used successfully to reduce M. incognita 

population densities in grapevine (Vitis vinifera L.) rhizospheres in Egypt, while 

improving plant growth (El-Nagdi et al., 2017). Haroon et al. (2018) studied the effect 

of leaf and root extracts of neem, moringa (Moringa oleifera Lam.), lantana (Lantana 

camara L.) and licorice (Glycyrrhiza glabra L.) on Meloidogyne spp. All these extracts 

resulted in significant decreases in J2 hatching. Extracts of Indian neem were the most 

effective with up to 89% J2 hatch inhibition of M. incognita and has been widely studied 

for its nematicidal properties (Dayan et al., 2009). Neem leaf powder was successfully 

used in Nigeria to control Meloidogyne spp. on tomato (Agbenin et al., 2005). Khan et 

al. (2017; 2019) evaluated a range of aquatic extracts of weeds against M. incognita 

in in vitro and greenhouse trials. They refer to the possible nematicidal effect of 

phytochemicals such as alkaloids, flavonoids, phenols, tannins, saponins and 

phytosteroids.  
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In SA, plant extracts for the management of root-knot nematodes have been 

researched extensively (Mashela et al., 2017). Botanical nematicides derived from 

bushveld-bean tree (Maerua angolensis DC.), cactus vine (Cissus cactiformis Gilg), 

caster bean, fever tea (Lippia javanica L.), lantana (Lantana camara L.), toad tree 

(Tabernaemontana elegans Stapf), wild cucumber (Cucumis myriocarpus L.) and wild 

gherkin (Cucumis africanus L.) effectively controlled PPN in tomato rhizospheres 

(Mashela et al., 2010; Mashela et al., 2017; Dube et al., 2018; Malahlela et al., 2019; 

Khosa et al., 2019, 2020). Although nematicidal compounds have been isolated from 

a number of plant species (Ferraz and Freitas, 2004) the nematical active-ingredient 

compounds have not been identified yet for most of these plant species.   

1.2.3.10.3. Fruit-based organic soil amendments 

Many fruit-based organic soil amendments have also been tested and proved to have 

potential for nematode management (Tsai, 2008 a,b; Abolusoro et al., 2010; Andres 

et al., 2012; Ismail, 2015b; Manneh et al., 2016; Regaieg et al., 2017; Varade and 

Dama, 2018; Izuogu et al., 2019). Tsai (2008a) reported that stored aqueous extract 

pulpified peels of lemon (Citrus limon L. Osbeck), orange and grapefruit (Citrus 

paradisi Macfad) caused 90.8%, 93.5% and 85% mortality of J2 of M. incognita, 

respectively. Tsai (2008b) studied the effect of cranberry (Vaccinium oxycoccus Hill A. 

Gray) and pineapple (Ananas comosus L.) juice in vitro on P. coffeae Goodey, 1951 

in Taiwan. The cranberry and fresh pineapple juices significantly killed the J2, with a 

mortality rate of up to 100% being recorded. Abolusoro et al. (2010) observed that 

sweet orange peel concentrations (50-100%) were toxic to M. incognita by inhibiting 

J2 hatching and causing J2 mortality in Nigeria. Andres et al. (2012) reported an 

increase in the rate of mortality of root-knot nematodes J2 when using essential oils 

of sweet orange. Ismail (2015b) demonstrated that incorporating dry crushed 

pomegranate (Punica granatum L.) peels into the soil for control of M. javanica under 

greenhouse conditions in Egypt significantly reduced root galling and the number of 

egg masses and J2. Manneh et al. (2016) reported that partially decayed peels of 

cassava and sweet orange (C. sinensis) significantly reduced root galling and the 

number of root-knot nematode eggs and J2 in the tomato rhizospheres soil, and 

increased plant growth under field conditions. These authors also reported that the 

aqueous extract of the fresh sweet orange peel resulted in the highest J2 hatching 
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inhibition (87.8%) and J2 mortality (94.8%) of root-knot nematodes under laboratory 

conditions. Regaieg et al. (2017) showed that aqueous, ethanolic and methanolic 

extracts of pomegranate inhibited J2 hatching and caused mortality of M. javanica by 

up to 84% and 94%, respectively. The nematicidal activity of some citrus extracts on 

M. incognita race 2, were examined in vitro by Varade and Dama (2018) in India where 

sweet orange extract caused a J2 mortality of 62% after 24 h exposure. Izuogu et al. 

(2019) again demonstrated that the powdered and aqueous extracts of citrus peels 

reduced M. incognita population densities in a cowpea field in Nigeria, while improving 

plant growth and yield. 

Since no mode of action is known for the nematicidal and nematostatic effects of 

different fruit parts, e.g. fresh peel, pulpified peel and aqueous extracts the active 

ingredients causing such effects should be identified. According to Abolusoro et al. 

(2010) citrus peel used in their study contain saponins, tannins and flavonoids. All 

these compounds have been associated with suppression of nematode population 

densities (Hewlett et al., 1999; Wuyts et al., 2006). Sweet orange (C. sinensis) is 

known to be rich in vitamin C (ascorbic acid), flavonoids, acids and volatile oils, while 

grapefruit is a rich source of vitamin C;  it’s seed extracts also is known to have strong 

antimicrobial properties against fungi and contain polyphenol (de Villiers and Joubert, 

2006; Qiao et al., 2008). Lemon is a rich source of vitamin C and contains citric acid 

and numerous phytochemicals, including polyphenols and terpenes, while lime is also 

rich in vitamin C, soluble sugars (fructose, glucose and sucrose) (Njoku et al., 2011) 

and mandarin contains flavonoids (Diab, 2016). It is thus suggested that these various 

‘ingredients’ may be responsible or partially responsible for the nematicidal effects 

observed. 

1.2.3.10.4. Pit-composting 

Pit-composting is another way of using organic substrates to enhance plant growth 

and increase or conserve microbial diversity in the soil (Vanderlinden, 2019). A pit or 

furrow (about 60 cm in depth and 1.5 x 2 m in width x length, for example) is dug and 

filled with organic material. This material can consist of manure, brown waste plant 

material including dried grass, leaves and small branches; green waste material 

including fresh plant material, rotten vegetables and fruits and even paper waste. Once 

the pit is completely filled, the organic material is covered with 30 cm of top soil.  
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One of the advantages of pit-composting compared to mulching is that the site can be 

used for several consecutive cropping cycles without the need of adding organic 

material between crop cycles (Mashela et al., 2017). Pit-composting provides plant 

roots access to nutrients at the level of the root zone. Roots of crops can also penetrate 

more easily and deeper into the soil in search of nutrients and develop deep, strong 

root systems. As a result, plants are better equipped to survive under unfavourable 

conditions, such as heat and drought. Pit-composting can also be done between rows 

in any vegetable or annual crop in a garden or field (Vanderlinden, 2019). The pit-

composting technique used in this study is discussed in Chapter 2, paragraph 2.2.3  
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Chapter 2 

Effect of pit-composting on root-knot nematode (Meloidogyne incognita and M. 

javanica) population densities and yield of tomato under field conditions 

This chapter was submitted as: Tefu, G., De Waele, D., Fourie, H and Daneel, M.S. 

Effect of pit-composting on root-knot nematode (Meloidogyne incognita and M. 

javanica) population densities and yield of tomato under field conditions. Journal of 

International Pest Management. 

2.1. Introduction 

Vegetables are important food crops in South Africa (SA) with farmers growing such 

crops located across the country under different environmental conditions. The 

vegetable crops that have a high market growth potential in SA include beetroot (Beta 

vulgaris L.), onion (Allium cepa L.), potato (Solanum tuberosum L.), spinach (Spinacia 

oleracea L.), sweet corn and maize (Zea mays L.), and tomato (Solanum lycopersicum 

L.), . During the 2017/18 growth season, vegetables were locally grown on 13 198 

hectares (ha), with 152 370 metric tons (MT) yields recorded (FAO, 2017). About 46% 

of this vegetable yield was delivered to fresh produce markets, 41% consumed by the 

producers, 9% used for further processing and 4% exported to neighbouring countries. 

On average, potato constitutes about 40% of the vegetable farmers' gross income 

while tomato, onion and sweet corn combined account for about 60% (DAFF, 2017a). 

Rising input costs, comprising of agrochemicals (fertilisers and pesticides), energy and 

labour, as well as damage caused by diseases and pests, including plant-parasitic 

nematodes, seriously limit the growth potential of vegetable production in SA (Kruger 

et al., 2013). The following estimated yield and/or quality losses are experienced 

annually due to a lack of proper management: ± 30% of leafy vegetables, such as 

cabbage (Brassica oleracea L.), lettuce (Lactuca sativa L.) and spinach; 30% of fruit 

vegetables, such as tomato and green bean (Phaseolus vulgaris L.); and ± 25% of 

root vegetables, such as potato and carrot (Daucus carota L.) (DAFF, 2017a). 

Worldwide, plant-parasitic nematodes are a major biotic constraint of vegetable 

production in both commercial and subsistence farming systems (Sikora et al., 2005; 

Coyne et al., 2009). Without practicing nematode control, yield losses can be 
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substantial (Luc et al., 2005; Jones et al., 2013). During surveys conducted in the 

Mpumalanga, KwaZulu-Natal and North West provinces of SA, root-knot nematodes 

(Meloidogyne spp.) were identified as the predominant group of plant-parasitic 

nematodes occurring in high densities in the rhizospheres of most vegetable crops 

sampled (Onkendi et al., 2014; Mashela et al., 2017; Rashidifard et al., 2019). For 

example, population densities of 25 000 and 64 000 second-stage juveniles (J2) of 

Meloidogyne spp. per 30 g of pepper and tomato roots, respectively, were recorded 

(Mtshali et al., 2002; Ntidi et al., 2012; Mashela et al., 2017). The four root-knot 

nematode species that are generally of economic importance in local vegetable 

production are Meloidogyne arenaria (Neal, 1889) Chitwood, 1949, Meloidogyne 

hapla Chitwood, 1949, Meloidogyne incognita (Kofoid and White, 1919) Chitwood, 

1949 and Meloidogyne javanica (Treub, 1885) Chitwood, 1949 (Jones et al., 2017). 

Meloidogyne enterolobii Yang and Eisenback, 1983, an emerging threat species 

worldwide (Castagnone-Sereno, 2012; Jones et al., 2013; Karssen et al., 2013), was 

identified for the first time in SA in the Mpumalanga province in 1997 from guava roots 

(Psidium guajava L.) (Willers, 1997). However, the identification of M. enterolobii from 

various local crop production areas (Willers, 1997; Onkendi et al., 2014; Onkendi and 

Moleleki, 2013; Visagie et al., 2018; Rashidifard et al., 2019) during the past 10 years 

justify addition of the species to the list of important root-knot nematode species 

referred to above. Its ability to render resistant genes developed against its 

thermophilic counterpart species ineffective, such as Mi-1 gene in tomato (Kiewnick et 

al., 2009), makes it crucial for the species to be managed timely and effectively.  

The application of nematicides is usually effective and has traditionally been used in 

controlling root-knot nematodes that infect agri- and horticultural crops worldwide 

(Mazhar et al., 2002. Reddy et al., 2013; Jones et al., 2017; DAFF, 2018). However, 

because of environmental and health considerations, many of these chemicals have 

been withdrawn from world markets during the past two decades (Ferraz and Brown, 

2002; DAFF, 2017b). Alternatives to the use of nematicides are, however, increasingly 

being exploited and used, and these include, among others, soil solarization (Ozore-

Hampton and Stanley, 2005), biofumigation (James et al., 2011), organic soil 

amendments and others (McSorley, 2011; Briar et al., 2016; Atandi et al., 2017; 

Mashela et al., 2017).  
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The use of organic soil amendments is an alternative nematode control practice that 

is increasingly receiving interest, particularly in the context of integrated pest 

management (IPM) (Sikora and Roberts, 2018). These substances, either garden 

waste, parts or extracts of plants, animal manures and various other substrates 

(Coyne et al., 2009), are incorporated into the soil to improve its physical, chemical 

and biological properties. Organic soil amendments are known to improve soil 

structure and water holding capacity as demonstrated by the addition of, for example, 

animal manures, composts and oil cakes (Miano and Rodriguez-Kabana, 1982; Tisdall 

and Oades, 1982; Oades, 1984; Adekunle et al., 2015; Aisha et al., 2015; Sasmita et 

al., 2018). In addition, soil chemical properties are improved through the effect of 

organic soil amendments, e.g. increased soil cation exchange capacity and its ability 

to buffer pH changes (Angelova et al., 2013).  

Organic soil amendments can also enhance the microbial diversity and biomass in the 

soil. Such amendments are also considered as one of the cheapest, safest and most 

efficient methods of pest control while enhancing various soil properties (Quilty and 

Cattle, 2011). Addition of organic manures in fields resulted in a decrease in plant-

parasitic nematode densities in various countries under different environmental 

conditions such as Australia (Stirling et al., 2011), China (Li et al., 2018), Canada 

(Forge et al., 2016), Egypt (Hamida et al., 2015), Kenya (Atandi et al., 2017) and South 

Africa (Mashela et al., 2017); to name a few. 

However, application of organic soil amendments needs to be done cautiously. For 

example, high salt contents in raw animal manures can adversely affect plant growth 

(Cooperband, 2002); high phosphorus contents in chicken manures can also impact 

negatively on plant growth especially if high application rates are used (Dikinya and 

Mufwanzala, 2010). Care should thus be taken to avoid the build-up of excessive 

nutrient concentrations (for example those of nitrates and phosphorus) in amended 

soils since it can also pollute surface and ground water sources (Dikinya and 

Mufwanzala, 2010).  

Pit-composting is another way of using organic amendments to enhance plant growth 

and increase or conserve microbial diversity in the soil (Vanderlinden, 2019). A pit or 

furrow (about 60-cm in depth and 1.5 x 2 m in width x length, for example) can be dug 

and filled with organic material. This material can consist of manure; brown waste 
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material including dried grass, leaves and small branches; green waste material 

including fresh plant material, rotten vegetables and fruits; and even paper waste. 

Once the pit is completely filled, the organic material is covered with 30 cm of top soil. 

One of the advantages of pit-composting compared to mulching is that the site can be 

used for several consecutive cropping cycles without the need to add organic material 

before each cycle (Mashela et al., 2017). Pit-composting provides plant roots access 

to nutrients at the level of the root zone. Roots of crops can also penetrate more easily 

and deeper into the soil in search of nutrients and develop deep, strong root systems. 

As a result, plants are better equipped to survive under unfavourable conditions, such 

as heat and drought. Pit-composting can also be done between rows in any vegetable 

or annual crop garden/field (Vanderlinden, 2019). 

The objective of this study was thus to examine the effect and potential of pit-

composting, using various sources of organic amendments (plant and animal-based) 

on M. incognita densities in tomato rhizospheres, and on the yield of the crop. 

2.2. Materials and methods 

2.2.1. Experimental site 

Three field trials were conducted during the winter months (June-August) of 2014 and 

2015 on the premises of the Agricultural Research Council-Tropical and Subtropical 

Crops (ARC-TSC) research institute in Mbombela, Mpumalanga Province, SA 

(25°27'06.18"S and 30°58 '05.21"E). Two of these trials, Trials 1 and 2, were done in 

2014 and repeated in 2015, trial 3 was conducted only in 2015 at the same locality. 

The minimum temperature during the duration of 1st year (Trial 1 and 2) averaged 13 

°C and the maximum 20 °C, while temperatures averaged between 13 °C (min) and 

22 °C (max) for 2nd year (Trial 1, 2 and 3). The average annual rainfall at the 

experimental site was 56.24 mm for the duration of 1st year (Trial 1 and 2) and 38.34 

mm for 2nd year (Trial 1, 2 and 3). The soil type, where the trials were done, was sandy 

loam (84% sand, 14% loam and 2% clay; organic content 0.8%). The site was naturally 

infested with two root-knot nematode species: 70% M. incognita and 30% M. javanica. 

Morphological species identification was done by the root-knot nematode taxonomist 

Dr Mariette Marais of the ARC-Plant Health and Protection (PHP). Twenty-one 

https://www.thespruce.com/definition-of-annual-plants-2132403
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females from infected plant roots from each trial were isolated and their oesophageal 

areas and perineal patterns cut for morphological identification (Marais et al., 2017). 

2.2.2. Treatments 

The different pit-compost treatments evaluated during this study are listed in Table 

2.1, indicating their origin and dosage rates too. 
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Table 2.1. Organic-amendment treatments (animal- and plant-based) evaluated in pits for their effects on the population density of 

Meloidogyne spp. and tomato yield.  

Treatment 
No 

Trial 1 (Two years) Trial 2 (Two years) Trial 3 (One year) 

1 Chicken manure (from egg-laying chickens 
from Nelspruit chicken farm ) @ 8 kg/plot mixed 
with top soil equivalent to 26.6t/ha 

Chicken manure (from egg-laying chickens 
from Nelspruit chicken farm) @ 8 kg/plot 
mixed with top soil equivalent to 26.6t/ha 

Mixed pit-compost (a 60cm deep pit filled 
with 1:1:1 mixture of chicken manure, fresh 
and decomposed stems, leaves and whole 
rotten fruits of citrus, avocado, guava and 
black jack weed) @ 8 kg of each waste/pit 

2 Cattle manure (obtained from H.L Halls and 
Sons cattle farm) @ 8 kg/plot mixed with top 
soil equivalent to 26.6t/ha 

Citrus fruit pit-compost (a 60cm deep pit 
filled with 1:1 mixture of fresh and rotten 
fruits of citrus) @ 8 kg of each waste/pit 

Oranges pit-compost (a 60cm deep pit filled 
with 1:1 mixture of fresh and rotten fruits of 
‘Valencia’ and navel sweet oranges (Citrus 
sinensis L.)) @ 8 kg of each waste/pit 

3 Compost (containing decomposed leaves and 
shredded twigs of macadamia (Macadamia 
integrifolia Maiden and Betche), citrus (Citrus 
spp.) and avocado (Persea americana Mill.) 
pruning soil mixed with top soil) @ 8 kg/plot  

Mixed pit-compost (a 60cm deep pit filled with 
1:1:1 mixture of chicken manure, fresh and 
decomposed stems, leaves and whole rotten 
fruits of citrus, avocado, guava and black jack 
weed) @ 8 kg of each waste/pit 

Vegetables pit-compost (a 60cm deep pit 
filled with 1:1:1 mixture of decomposed 
leaves and fruits of brinjal (Solanum 
melongena L.), cabbage and tomato) @ 8 
kg of each waste/pit 

4 Mixed pit-compost (a 60cm deep pit filled with 
1:1:1 mixture of chicken manure, compost, 
fresh and decomposed stems, leaves and 
whole rotten fruits of citrus, avocado, guava 
and black jack weed (Bidens pilosa L.) @ 8 kg 
of each waste/pit 

Leaf pit-compost (a 60cm deep pit filled with 
1:1 mixture of brown and green leaves of 
avocado, citrus and mango (Mangifera indica 
L.) leaves) @ 8 kg of each waste/pit 
 

Fenamiphos @ 10 g/m row (nematicide 
standard) 

5 Shrub-pruning pit-compost (a 60cm deep pit 
lined with plastic and filled with decomposed 
leaves and shredded twigs of blue gum 
(Eucalyptus globulus Labill.) tree pruning) @ 8 
kg of each waste/pit 

Paper waste pit-compost (a 60cm deep pit 
filled with paper wastes @ 8 kg of each 
waste/pit 
 

Untreated control  

 

6 Fenamiphos @ 10 g/m row (nematicide 
standard) 

Fenamiphos @ 10 g/m row (nematicide 
standard) 

- 

7 Untreated control  Untreated control  - 
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2.2.3. Soil preparation, application of treatments and planting 

The size of the experimental site where this study was done was 0.5 ha. Before the 

study commenced, the site had been under conventional agricultural management 

with citrus, maize and vegetables (beetroot, cabbage, onion and spinach) being 

cultivated. Soil preparation consisted of ploughing and rotovating. The crop used in 

this study were six-week-old tomato (cv. Rodade) seedlings [(obtained from Ezygro 

(Pty) Ltd. and grown in seedling trays with a mixture of compost and vermiculite)] that 

were transplanted into the pits. This cultivar is susceptible to both M. incognita and M. 

javanica (Daneel et al., 2018).  

During June of the 1st year (Trials 1 and 2), 7 days before planting of the tomato 

seedlings, the organic amendment treatments were evenly spread on top of 1.5 x 2 m 

plots and mixed with the 10 cm soil top layer using a garden fork; these organic 

amendments were then added to 1.5 x 2 m wide and 60 cm deep pits, spaced 50 cm 

from each other (Figs. 2.1 A to D), after which the amendment treatments were 

covered with a layer of 30 cm top soil. The synthetic nematicide standard, fenamiphos, 

was manually applied to the designated pits with a watering can. The organic soil 

amendments and fenamiphos were re-applied to the same pits during June of the 2nd 

year (Trial 1 and 2), again 7 days before planting of the tomato seedlings. Each pit for 

all the trials consisted of four rows with 24 tomato seedlings transplanted per plot; 

intra-row spacing of 30 cm. Plots were irrigated three times a week for 1h (delivering 

8L water / pit) using a drip irrigation system. Weeds were removed by hand-hoeing 

when necessary. No fertiliser was applied to the tomato plants of Trials 1 and 2 during 

the 1st year, but 3:2:3 NPK (at a dosage of 62 kg/ha) was applied once to tomato plants 

of Trials 1 and 2 during the 2nd year 1 week after transplanting. In between the two 

tomato cropping cycles, which were from June until harvest, beetroot (cv. Detroit Red) 

and spinach (cv. Fordhook Giant) seedlings were intercropped in the pits where the 

tomato were planted for both trials, however no nematode data was collected. The 

beetroot and spinach cultivars used are grown by the local farmers and often show 

root galling, indicating that they are susceptible to infection by Meloidogyne spp. 

(Personal communication; Dr Mieke Daneel, Nelspruit, 12 November 2007). Tomato 

plants grown in all pits were infested with spider mites and cut worm during the 2nd 

week of the trials in both seasons. Pest control was done using registered products at 
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the registered dosages (https://www.agri-intel.com) containing the active ingredients 

mercaptothion, copper oxychloride and dicofol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 A to D. The pit-compost technique used near Mbombela (South Africa) to 

evaluate the effect of different organic material amendments on the population 

densities of a mixed Meloidogyne incognita (70%) and M. javanica (30%) community 

with: A: 1.5 x 2 m wide and 60-cm-deep pits; some lined with plastic and the others 

being empty before they were filled with organic material; B: pits filled with a mixed pit-

compost (1:1:1 ratio of chicken manure, fresh and decomposed stems, leaves and 

whole rotten fruits of citrus, avocado, guava and black jack weed); C: pit filled with a 

1:1 mixture of fresh and rotten citrus fruits (‘Valencia’ and navel sweet oranges) and 

D: trial layout showing all the pits covered with 30 cm of top soil. 

2.2.4. Rhizosphere soil and root sampling  

At 56 days after transplanting, soil and root samples (rhizosphere samples) from the 

tomato plants were collected for nematode extraction. A zig-zag pattern was used to 

sample 4 tomato plants for nematode analysis (Coyne et al., 2007), within each pit. 

The 4 tomato plants were uprooted and their corresponding soil sub-samples were 

collected in the middle part of each pit at a depth of 10 to 20 cm using a small garden 

trowel and were combined to obtain one composite sample per pit. Stems of sampled 

plants were cut and separated from the roots. Each root system was then separately 

A B 

D C 
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immersed in a bucket of clean water in the laboratory and washed free of remaining 

soil and debris particles. Both soil and roots for each pit sampled were placed in one 

plastic bag and stored in a cold room at 10 °C until nematode analyses commenced 

(generally within 5 days of sampling).     

2.2.5. Extraction of Meloidogyne spp. eggs and second-stage juveniles (J2) 

From each pit, a 250 ml composite soil sample was used for nematode extraction. 

Plant-parasitic nematodes were extracted from the soil using the decanting and 

sieving method followed by the modified sugar-flotation and centrifugation methods 

(Coyne et al., 2007; Marais et al., 2017). Roots were removed from the plastic bags 

and the root system of each composite sample obtained per pit was cut into 1 to 2-

cm-pieces, mixed and weighed after which 30 g of roots were used for nematode 

extraction using the modified sugar-flotation and centrifugation method (Coyne et al., 

2007; Marais et al., 2017). Nematodes were counted and identified using a light 

microscope (60-100x magnification). The percentage change (%C) in the nematode 

densities, and in yield compared to the untreated control plants was calculated. 

2.2.6. Yield  

Tomato fruits were harvested weekly, from the 24 plants cultivated per pit, from 6 

weeks after onset of the experiments over a period of 16 weeks. Fresh fruit mass and 

fruit number were recorded and the average yield per pit calculated.  

2.2.7. Experimental design and statistical analysis 

The treatments were arranged in a randomized complete block design (RCBD) with 

six replicates. Data for each of the three trials, representing an initial (Trial 1 and 2; 

Year 1), and repeat experiment (Trial 1 and 2; Year 2), were first analysed using 

analysis of variance (ANOVA) and then submitted to a factorial analysis of variance 

(Statistica, Version 13) to determine whether interactions were evident between the 

years. Trial 3 was only done during one year. Means were separated with Tukey’s 

HSD test (P≤0.05). Nematode counts were log(x+1) transformed before statistical 

analysis commenced to minimize variation (Abd-Elgawad, 1991). 

2.3. Results 

B A 
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2.3.1.  Nematode data 

2.3.1.1. Trial 1 

Rhizosphere Soil (250 ml samples) 

No significant interactions (P=0.449, F=0.937) were observed for Treatment x Year for 

rhizosphere soil data for the two years (Table 2.2). At the end of year 1, the J2 density 

per 250 ml rhizosphere soil of the untreated controls averaged 508 vs that of 8 367 at 

the end of year 2. 

For the 1st year, no significant differences in Meloidogyne spp. J2 numbers in the soil 

were observed among the plants treated with different treatments; while in the 2nd year, 

fenamiphos had significantly lower Meloidogyne spp. J2 numbers compared to the 

other treatments except for compost. 

However, substantial variation was recorded for nematode data within treatments 

(Table 2.2). During year 1, the cattle manure, compost, mixed pit-compost, and shrub-

pruning pit-compost treatments resulted in a 30 to 62% reduction of J2 numbers in the 

soil compared to the untreated control. The standard nematicide fenamiphos were the 

most effective; reducing J2 densities by 90%. However, chicken manure resulted in 

an increase of J2 densities of 141% compared to the untreated control. For year 2, the 

soil-amendment treatments resulted in either a small decrease that ranged from 14 

(chicken manure) to 22% (compost) or a small increase that ranged from 1 (shrub-

pruning) to 8% (compost) in Meloidogyne spp. J2 numbers compared to the untreated 

control. Fenamiphos significantly (P≤0.05) reduced J2 numbers in the soil with 66% 

compared to the untreated control.  

Roots (30 g samples) 

For Meloidogyne spp. egg and J2 root data, a significant interaction (P=0.032, 

F=2.450) existed for Treatment x Year due to significantly higher nematode densities 

occurring in the 2nd year compared to that of the 1st year. At the end of the 1st year, 

the number of eggs and J2 per 30 g roots of the untreated controls averaged 1 115 vs 

that of 230 858 at the end of the 2nd year (Table 2.2). 
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For the 1st year, no significant differences in nematode numbers in the roots were 

observed among the treatments, except for the mixed pit-compost treatment where 

the egg and J2 numbers in the roots were significantly (P≤0.05) lower compared to 

cattle manure and the untreated control plants (Table 2.2). The other soil amendments 

resulted in a reduction of the egg and J2 densities of 29% (chicken manure) to 80% 

(shrub-pruning pit-compost), while fenamiphos reduced nematode densities by 70% 

compared to the untreated control. For the 2nd year, the standard nematicide treatment 

fenamiphos had significantly lower egg and J2 densities compared to cattle manure 

and untreated control (P≤0.05). No significant differences were observed between the 

other treatments. For cattle manure the egg and J2 densities were also substantially 

higher (159%) compared to that of the untreated control. All the soil amendments 

(except cattle manure) as well as fenamiphos resulted in a decrease in egg and J2 

numbers in the roots, ranging from 27% (chicken manure) to 83% (compost) and 

ultimately 96% (fenamiphos), respectively, compared to the untreated control  
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Table 2.2. Effects of organic-amendment treatments (animal- and plant-based), evaluated in pits, on the population density of Meloidogyne spp. 

in the rhizosphere (250 ml soil and 30 g roots) of tomato cv. Rodade 56 days after planting for Trial 1. 

Treatments 
Year 1 Year  2 Year 1 Year 2 

J2 per 250 ml rhizosphere soil  Eggs + J2 per 30 g roots 

  %C  %C  %C  %C 

Chicken manure 1.91 (1 2252 ± 9813) aABC +141 3.8 (7 217 ± 148) aCD -14 2.4 (793 ± 292) abABC -29 5.1 (169 133 ± 3 261) aE -27 

Cattle manure 0.9 (200 ± 129) aA -61 3.7 (7 000 ± 1 614) aCD -16 2.8 (825 ± 293) aBC -26 4.9 (368 000 ± 242 757.8) abE +159 

Compost 1.3 (358 ± 228) aA -30 3.6 (6 500 ± 2 674) aBCD -22 2.3 (523 ± 150) abABC -53 4.1 (36 944 ± 28 317) abCDE -83 

Mixed pit-compost 1.7 (325 ± 173) aAB -36 3.9 (9 050 ± 1 050) aD +8 0.7 (42 ± 27) bA -96 4.7 (160 417 ± 93 347.1) abE -31 

Shrub-pruning pit-compost 0.9 (192 ± 155) aA -62 3.8 (8 475 ± 1 317) aD +1 1.3 (219 ± 106) abAB -80 4.5 (68 258 ± 40 374) abDE -70 

Fenamiphos 0.4 (50 ± 50) aA -90 3.4 (2 825 ± 303) bBCD -66 1.6 (338 ± 180) abAB -70 3.8 (8 355 ± 2 355) bCDE -96 

Untreated control 2.2 (508 ± 173) aABCD  3.8 (8 367 ± 1 513) aCD  2.9 (1 115 ± 326) aBCD  5.1 (230 858 ± 123 183) aE  

P-value 0.243 0.046 0.009 0.002 

F-ratio 1.398 2.414 3.429 4.359 

Interactions Treatment x Year Treatment x Year 

P-value 0.449 0.032 

F-ratio 0.973 2.450 

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. Log(x+1)-transformed means in the same column followed by the same lowercase letter and 

in the same row followed by the same capital letter do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change in the number of eggs + J2 

compared to the untreated control plants (- = % decrease, + = % increase).  
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2.3.1.2. Trial 2  

No significant interactions were observed for Treatment x Year for both soil (P=0.541, 

F=0.840) and root (P=0.901, F=0.360) data for the two trials (Table 2.3). 

Rhizosphere Soil (250 ml samples) 

For both seasons, no significant differences in Meloidogyne spp. J2 numbers in the 

rhizosphere soil were observed among the treatments (Table 2.3). The paper waste 

pit-compost and fenamiphos (nematicde standard) treatments resulted in a reduction 

in J2 numbers in the soil compared to the untreated control for both trials; ranging from 

32% to 75% for 1st year and from 33% to 78% for 2nd year. At the end of Season 1, 

the J2 density per 250 ml rhizosphere soil of the untreated controls averaged 1 558 vs 

that of 792 at the end of Season 2. 

Roots (30 g samples) 

At the end of the 1st year, no significant differences in Meloidogyne spp. egg and J2 

numbers in the roots were observed among the treatments except for the citrus fruit 

pit-compost that had significantly (P≤0.05) lower nematode numbers (94%) compared 

to the untreated control (Table 2.3). The efficacy of the citrus fruit-pit compost was 

comparable to that of the standard fenamiphos treatment. Chicken manure resulted in 

a 34% decrease in egg and J2 numbers; reductions in nematode densities for the 

mixed pit-compost, leaf pit-compost and paper waste pit-compost ranged from 79 to 

91%, respectively; and fenamiphos resulted in a 92% reduction in nematode densities.  

At the end of the 2nd year, no significant differences in egg and J2 numbers were 

evident among the treatments (Table 2.3). Addition of chicken manure resulted in a 

12% increase in egg and J2 densities compared to the untreated control plants, while 

the pit-composts and fenamiphos resulted in decreases of 43% (paper waste pit-

compost) to 80 % (citrus fruit and leaf pit-composts) and 73% (mixed pit-compost), 

respectively.  

At the end of the 1st year, the number of eggs and J2 per 30 g roots of the untreated 

controls averaged 51 284 vs that of 1 475 at the end of 2nd year (Table 2.3). 
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Table 2.3. Effects of organic-amendment treatments (animal- and plant-based), evaluated in pits, on the population density of Meloidogyne spp. in 

the rhizosphere (250 ml soil and 30 g roots) of tomato cv. Rodade 56 days after planting for Trial 2. 

Treatments 
Year 1 Year 2 Year 1 Year 2 

J2 per 250 ml rhizosphere soil  Eggs + J2 per 30 g roots 

  %C  %C  %C  %C 

Chicken manure 6.71 (1 2172 ± 3213) aA -22 4.9 (300 ± 157) aA -62 9.8  (33 642 ± 13 522) abDE -34 6.3 (1 658 ± 996) aABCDE +12 

Citrus fruit pit-compost  6.9 (1 042 ± 156) aA -33 3.7 (175 ± 57) aA -78 6.8 (3 299 ± 883) aABCDE -94  4.1 (300 ± 240) aAB -80 

Mixed pit-compost 5.5 (767 ± 320) aA -51 4.4 (225 ± 88) aA -72 8.1 (4 389 ± 1 029) abABCDE -91 4.6 (392 ± 190) aA -73 

Leaf pit-compost 6.7 (950 ± 181) aA -39 4.6 (300 ± 131) aA -62 8.6 (6 169 ± 1 446) abBCDE -88 4.9 (300 ± 113) aAB -80 

Paper waste pit-compost 7.1 (1 508 ± 387) aA -32 4.8 (533 ± 271) aA -33 9.1 (10 541 ± 2 865) abCDE -79 5.6 (842 ± 243) aABCD -43 

Fenamiphos 5.7 (383 ± 112) aA -75 3.7 (275 ± 170) aA -65 7.2 (4 328 ± 2 928) abABCDE -92 4.6 (392 ± 152) aABC -73 

Untreated control 7.2 (1 558 ± 317) aA  6.5 (792 ± 235) aA  10.2 (51 284 ± 18 360) bE  6.9 (1 475 ± 437) aABCDE  

P-value 0.155 0.392 0.012 0.392 

F-ratio 1.680 1.082 3.265 1.082 

Interactions Treatment  x Year Treatment x Year 

P-value 0.514 0.901 

F-ratio 0.840 0.360 

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. Log(x+1)-transformed means in the same column followed by the same lowercase letter and in 

the same row followed by the same capital letter do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change in the number of eggs + J2 

compared to the untreated control plants (- = % decrease, + = % increase).  
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2.3.1.3. Trial 3 

No significant differences in Meloidogyne spp. J2 numbers were evident in the 

rhizospheres (soil and the root samples) of tomato plants among the treatments, 

except for the orange pit-compost treatment, which significantly (P≤0.05) reduced the 

nematode densities in both soil and roots with 91% compared to the untreated controls 

(Table 2.4). The other two pit-compost treatments resulted in a substantial reduction 

in the nematode densities in the soil compared to the untreated controls; viz. 68% 

(mixed pit-compost) to 89% (vegetable pit-compost) and roots; viz. 83% (mixed pit-

compost) to 86% (vegetable pit-compost). Fenamiphos reduced nematode densities 

in soil and roots with 55% and 66%, respectively. 
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Table 2.4. Effects of organic-amendment treatments (animal- and plant-based), evaluated in pits, on population densities of Meloidogyne 

spp. in the rhizosphere (250 ml soil and 30 g roots) of tomato cv. Rodade 56 days after planting for Trial 3. 

Treatments 
J2 per 250 ml rhizosphere soil Eggs + J2 per 30 g roots 

 %C  %C 

Mixed pit-compost 2.91 (1 6252 ± 2 0493) ab  -68 3.6 (11 725 ± 19 577) a -83 

Oranges pit-compost  2.1 (433 ± 550) a  -91 3.6 (6 333 ± 5 562) a -91 

Vegetables pit-compost 2.2 (558 ± 596) ab  -89 4.6 (9 475 ±14 086) a -86 

Fenamiphos 3.1 (2 241 ± 2 448) ab  -55 4.5 (22 991± 24 447) ab -66 

Untreated control 3.5 (5 033 ± 5 002) b   4.7 (68 400 ± 74 692) b  

P-value 0.031 0.009  

F-ratio 3.164 4.261  

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. Log(x+1)-transformed means in the same column followed by the same lowercase letter 

do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change in the number of eggs + J2 compared to the untreated control plants (- 

= % decrease, + = % increase).  
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2.3.2. Yield data 

2.3.2.1. Trial 1 

Interactions were observed for fresh fruit mass (P=0.001, F=10.4) and number of fruits 

(P=0.001; F=7.6) for Treatment x Year (Table 2.5). 

Fresh fruit mass 

Data of the 1st year showed that chicken manure treatment significantly (P≤0.05) 

increased the fresh fruit mass with 94% compared to the untreated control (Table 2.5). 

The increased fresh fruit mass resulting from chicken manure amendment was 

significantly (P≤0.05) higher than that of all the other treatments, while that of cattle 

manure was significantly (P≤0.05) higher compared to the shrub-pruning pit-compost 

treatment. Compost, mixed pit-compost and fenamiphos, had no effect on fresh fruit 

mass while shrub-pruning pit-compost significantly (P≤0.05) reduced fresh fruit mass 

with 67% compared to the untreated control plants.  

For the 2nd year, the mixed pit-compost amendment was the only treatment that 

significantly (P≤0.05) increased fresh fruit mass (167%) compared to the untreated 

control plants (Table 2.5). The increase in fresh fruit mass resulting from amendment 

of the mixed pit-compost was considerably higher compared to those of chicken and 

cattle manure which resulted in increases of 83 and 50%, respectively, compared to 

the untreated control plants. 

Number of fruits 

For the 1st year, chicken manure was the only treatment that resulted in a significantly 

(P≤0.05) higher numbers of fruits (77%) harvested compared to the untreated control 

plants (Table 2.5). Cattle manure, compost, mixed pit-compost and fenamiphos had 

no effect on number of fruits but shrub-pruning pit-compost significantly (P≤0.05) 

reduced fruit numbers by 59% compared to the untreated control plants.  

For the 2nd year, only the mixed pit-compost resulted in a significant (P≤0.05) increase 

(100%) in the number of fruits compared to the untreated control. The compost (10%) 

and shrub-pruning pit-compost (2%) showed low increases in fruit numbers compared 
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to that of the untreated control (Table 2.5). The mixed pit-compost did, however, not 

differ significantly in terms of fruit numbers from the chicken and cattle manure 

treatments that showed respective increases of 59 and 30%. 
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Table 2.5. Effects of organic-amendment treatments (animal- and plant-based), evaluated in pits, on the yield of tomato cv. Rodade, 

grown in a soil infested with Meloidogyne spp. for Trial 1. 

Treatments 

Year 1 Year 2 Year 1 Year 2 

Fresh fruit mass (kg) Number of fruits 

 %C  %C  %C  %C 

Chicken manure 3.5 cF +94 1.1 abABCD +83 66.9 cC +77 12.9 abA +59 

Cattle manure 2.8 bcEF +55 0.9 aABC +50 53.3 bcBC +41 10.5 abA +30 

Compost 2.0 abDE +11 0.7 aAB +17 40.4 bB +7 8.9 aA +10 

Mixed pit-compost 1.7 bCD -6 1.6 bBCD +167 38.7 bB +3 16.2 bA +100 

Shrub-pruning pit-compost 0.6 aA -67 0.6 aA 0 15.3 aA -59 8.3 aA +2 

Fenamiphos 2.0 abDE +11 0.7 aAB +17 43.5 bB +15 8.4 aA +4 

Untreated control 1.8 bD  0.6 aAB  37.7 bB  8.1 aA  

P-value 0.001 0.001 0.001 0.002 

F-ratio 21.561 5.635 13.520 3.687 

Interactions Treatment x Year Treatment x Year 

P-value 0.001 0.001 

F-ratio 10.400 7.600 

Means in the same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test. %C: Percentage change in yield compared to the untreated control plants (- = % decrease, + = % increase).  
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2.3.2.2. Trial 2 

No significant interactions were evident for fresh fruit mass (P=0.155, F=1.680) and 

the number of fruits (P=0.171, F=1.530) for Treatment x Year (Table 2.6). 

Fresh fruit mass 

For the 1st year, citrus fruit pit-compost and paper waste pit-compost significantly 

(P≤0.05) increased the fresh fruit mass at harvest (208 and 85%, respectively) 

compared to the untreated control (Table 2.6). The citrus fruit pit-compost was 

superior, resulting in significantly higher fruit mass than all the other treatments. 

Chicken manure, mixed pit-compost and leaf pit-compost resulted in an increase in 

fruit mass ranging from 38 to 62% compared to the untreated control plants, and 

fenamiphos an increase of 8%. 

For the 2nd year, although not statistically significant, all the treatments except leaf pit-

compost resulted in an increase of the fresh fruit mass (ranging from 50 to 400%) 

compared to the untreated control (Table 2.6).  

Number of fruits 

For Year 1, citrus fruit pit-compost and paper waste pit-compost significantly (P≤0.05) 

increased the number of fruits harvested (144 and 83%, respectively) compared to the 

untreated control (Table 2.6). The increase caused by the citrus fruit pit-compost was 

significantly (P≤0.05) higher than those of all other treatments with the exception of 

paper waste pit-compost. Chicken manure, mixed pit-compost and leaf pit-compost 

resulted in increases in number of fruits of 61, 44 and 28%, respectively, compared to 

the untreated control plants. 

For Year 2, although not significantly, all the treatments resulted in an increased 

number of fruits harvested ranging from 50 to 200% compared to the untreated 

controlplants (Table 2.6).                                                                                                  
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Table 2.6. Effects of organic-amendment treatments (animal- and plant-based), evaluated in pits, on yield of tomato cv. Rodade 

grown in a soil infested with Meloidogyne spp. for Trial 2. 

Treatments 

 

Year 1 

 

Year 2 

 

Year 1 

 

Year 2 

Fresh fruit mass (kg) Number of fruits 

 %C  %C  %C  %C 

Chicken manure 2.1 abBC +61 0.7 aABC +250 29.0 bBC +61 12.0 aAB +200 

Citrus fruit pit-compost 4.0 cD +208 1.0 aABC +400 44.0 cD +144 12.0 aAB +200 

Mixed pit-compost 2.1 abBC +62 0.3 aA +50 26.0 bBC +44 6.0 aA +50 

Leaf pit-compost 1.8 abABC +38 0.1 aA -50 23.0 bABC +28 6.0 aA +50 

Paper waste pit-compost 2.4 bC +85 0.5 aAB +150 33.0 bcCD +83 7.0 aA +75 

Fenamiphos 1.4 abABC +8 0.5 aAB +150 19.0 aAB +6 7.0 aA +75 

Untreated control 1.3 aABC  0.2 aA  18.0 aAB  4.0 aA  

P-value 0.001 0.254 0.001 0.409 

F-ratio 12.480 1.319 11.080 1.053 

Interactions Treatment x Year Treatment x Year 

P-value 0.155 0.171 

F-ratio 1.680 1.530 

Means in the same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test. %C: Percentage change in yield compared to the untreated control plants (- = % decrease, + = % increase).  
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Table 2.7. Effects of organic-amendment treatments (animal- and plant-based), evaluated in pits, on the yield of tomato cv. Rodade, 

grown in a soil infested with Meloidogyne spp. for Trial 3. 

Treatments 
Fresh fruit mass (kg) Number of fruits 

 %C  %C 

Mixed pit-compost 1,7 ab +143 59.6 a +74 

Oranges pit-compost  2, 6 b +262 93.3 a +172 

Vegetables pit-compost 1, 9 ab +164 61.9 a +80 

Fenamiphos 1,3 ab +78 45.3 a +32 

Untreated control 0,7 a  34.3 a  

P-value 0.013 0.104 

F-ratio 3.388 1.983 

Means in the same column followed by the same letter do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change in yield 

compared to the untreated control plants (- = % decrease, + = % increase).  
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2.3.2.3. Trial 3 

The oranges pit-compost treatment only resulted in a significant (P≤0.05) increase 

(262%) in fresh fruit mass at harvest compared to the untreated control plants (Table 

2.7). No significant differences in number of fruits were observed among the 

treatments. 

2.4. Discussion 

Although inconsistent in terms of reducing densities of a mixed M. incognita and M. 

javanica community in the present study, field findings of trials from two consecutive 

years on the evaluation of organic amendments for nematode control demonstrated 

the potential of some amendments to be used as valuable components in an IPM 

approach. The potential value of these soil amendments, particularly that of compost, 

mixed pit-compost, citrus fruit pit-compost, vegetable pit-compost, orange pit-

compost, leaf pit-compost and shrub-pruning compost, for use especially by small-

scale producers was demonstrated as a result of some amendments potential to 

reduce Meloidogyne spp. densities in soil by more than 90% (up to 96% in roots and 

94% in soil when compared to the untreated control).  

The results of this study are generally in agreement with those by various other authors 

who also demonstrated that soil organic amendments have shown to substantially 

reduce particularly Meloidogyne spp. populations (Miano and Rodriguez-Kabana, 

1982; Mohammad and Abdul, 2000; Atungwu et al., 2009; Lopes et al., 2011; Tabarant 

et al, 2011). Also, El Sherbiny and Allah (2014) reported that amending the soil with 

plant residues of beetroot, mushroom (Agaricus bisporus Imbach) and turnip (Brassica 

rapa L.) substantially reduced M. incognita infection in tomato roots in Egypt. Chicken 

manure, compost, green leaf manure and leaf extracts have also commonly been used 

to effectively reduce M. incognita population densities in countries such as 

Bangladesh, Brazil, Chile, Nigeria, Sri Lanka and SA (Rivera and Aballay, 2007; 

Atwungu et al., 2009, Pakeerathan et al., 2009; Lopes et al., 2011; Faruk et al., 2012; 

Mashela et al., 2017) while the same was evident for M. javanica in Egypt, Israel, 

Nigeria and SA (Montasser,1991; Ogaraku, 2007; Oka et al., 2007; Ismail, 2015; 

Mashela et al., 2017).  
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The different pit-composts used in this study that constituted of orchard wastes of 

leaves, fruits, paper and weeds resulted in reducing soil population densities of 

Meloidogyne spp. by up to 80% compared to the untreated control. The mixed pit-

compost (when compared with chicken manure, cattle manure and compost), had the 

highest potential since it reduced egg and J2 densities in tomato roots by 96%, while 

the orange pit- and vegetable pit-composts were 91 and 89% effective in reducing J2 

densities in the soil. Despite the reduction of nematode populations by all pit-

composting materials, the citrus fruit pit-composting was more effective in reducing 

nematode populations in the roots with up to 94%. The mechanism of nematode 

reduction by these amendments is not understood at present and still needs to be 

further investigated and identified. However, it can be hypothesized that the direct 

effects which involves the production of toxic chemicals by the decomposition of the 

fruit, or indirect effects which may have resulted into changes in the biological factors 

in the soil may be involved in the reduction of nematode populations as have been 

reported by other authors (Ali et al., 2001; Bonanomi et al., 2010; da Silva et al., 2018). 

Cavoski et al. (2012), for example, reported that applying crushed fruit of chinaberry 

(Melia azedarach L.) at a rate of 30-60 g/kg reduced nematode infection in roots of 

cucumber (Cucumis sativus L.) in Italy because it is rich in aldehydes, alcohols and 

carboxylic acid that have been showed to have nematicidal activity against M. 

incognita.  

Opposed to the high effectiveness of the plant-based pit-composts used in our study 

to superiorly reduced Meloidogne spp. densities, the effect of the animal manures 

were low in this regard. The chicken and cattle manure amendments by contrast 

resulted in high increases in nematode numbers; up to 141% (chicken manure) and 

159% (cattle manure) and is not in agreement with results by various authors. For 

example, it was demonstrated that various rates of animal manures, ranging from 4 

(Chindo and Khan, 2008) to 42 t/ha (Sterling, 1989) were effective in reducing 

Meloidogyne spp. densities. Chindo and Khan (2008) reported that applying chicken 

manure as a soil amendment at 4 t/ha reduced the severity of M. incognita race 1 

parasitism in tomato (cv. Enterpriser) in the field, green house and in in vitro trials in 

Nigeria. Faruk et al. (2011) reiterated that poultry manure was effective at a rate of 5 

t/ha in reducing M. incognita densities in roots of dry bean (Phaseolus vulgaris L.) in 

Bangladesh. Amulu and Adekunle (2015) reported that cow and poultry manures, 
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respectively, at rates of 5 and 10 t/ha reduced densities of M. incognita on okra 

(Abelmoschus esculentus L.) in Nigeria and that the highest rate (10 t/ha) resulted in 

an increase in yield. Osunlola and Fawole (2015) evaluated different animal manures 

for the control of M. incognita in the field in Nigeria on sweet potato (Ipomoea batatas 

L.) and showed that poultry manure at rates of 10 and 20 t/ha was effective in reducing 

root damage and also improved yield and quality of the crop compared to the other 

amendments. Ultimately Sterling (1989) reported that the application rate of chicken 

manure needed for effective nematode control is 35-45 t/ha which remains a major 

constraint in small-scale farming systems as such high amounts are not necessarily 

easily available or accessible especially when a large area has to be treated. One 

possible explanation for the higher soil nematode numbers in the chicken-manure 

treated plots in the present study may be that the tomato plants had larger and heavier 

root systems compared to those of the other treatments. The increase in nematode 

population numbers could therefore be due to the better development of the tomato 

roots, which provided more feeding resources for the nematode population. This is 

considered common, because the increase in root mass and the declining residual 

effect of the manure can allow nematode multiplication (Atandi et al., 2017). Other 

explanations may be that the quality of the manures were sub-optimal in having a 

reduction effect on the Meloidogyne spp. densities, but since the manures were not 

analysed for their contents this warrants no further discussion. 

Apart from the low level of, and/or no reduction in Meloidogyne spp. densities recorded 

during the present study, a significant increase in yield (26.6 t/ha) was observed in 

both the tomato plants treated with chicken and cattle manure. This is in agreement 

with reports by Jose-Antonio et al. (2005) and Abdeldaym et al. (2014) who reported 

that the addition of manure and compost resulted in high yield of maize compared to 

that of chemical fertilizers. This was suggested due to increased soil quality variables 

such as soil micro-organisms and nutrient availability. Combined with the efficacy of 

animal manures in reducing Meloidogyne spp. densities, improved plant growth and/or 

yields of crops were also reported; for example, Chindo and Khan (2008) for tomato 

(cv. Enterpriser) when applying chicken manure at 4 t/ha; Amulu and Adekunle (2015) 

using cow and poultry manures at 10 t/ha for okra; Osunlola and Fawole (2015) for 

sweet potato when amending soil with poultry manure; Wachira et al. (2009) for tomato 

using cow and chicken manure separately as well as in combination at a rate of 5% 
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weight/volume. It is ultimately suggested that the addition of organic matter to soil 

influence important biological activities (Boggs et al., 2000; Ozore-Hampton, 2012), 

including those of beneficial/free-living nematodes that are important in the 

decomposition process and availability of nitrogen (N) and carbon (C) (Bulluck et al., 

2002).  

The yield enhancement as a result of amending the soil with the pit-compost organic 

materials derived from orchard wastes improved over time (consecutive seasons) in 

the present study. The decomposition of organic matter is essential to make nutrients 

available for plant growth (Inckel et al., 1999). Probably, the material used in the pit-

compost treatment in Trial 1 of this study did not decompose sufficiently which could 

be substantiated by the presence of fruit and leaf material in soil when nematode 

samples were collected at the end of the study. The decomposition process passes 

through several phases, which can take several months depending on the type of 

organic materials used as well as temperature, water availability and other factors 

(Inckel et al., 1999). Once decomposition is completed, the growing crop plants will be 

able to take up nutrients that are essential for root and leaf growth, while the 

abundance of soil micro-organisms also increase (Inckel et al., 1999; Zhen et al., 

2014).  

The organic materials used in the pit-compost treatment were, however, generally 

decomposed and significantly higher yields were achieved compared to most of the 

other treatments. This might be an indication of the pit-composts having a longer 

growth-stimulating effect than the manures. Manures and compost generally are 

known to decompose faster and their nutrient value is low with the slow rate of nutrient 

release that they cannot usually meet the nutrient requirement of crops in a short time, 

thus resulting in some nutrient deficiency (Chen and Wu, 2008). This was evident in 

Trial 1 of the present study for both the chicken and cattle manures as well as the 

compost treatments. However, this effect was not recorded for the follow-up trial (Trial 

2) although the manures were again applied. Conversely, the pit-compost effect in 

terms of higher yields being obtained for the tomato crop grown, became more 

pronounced in Trial 2, even without the addition of additional organic material before 

transplanting of the tomato seedlings. 
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Results of this study furthermore showed that pit-compost amendments constituting 

of waste citrus fruits resulted in the highest tomato yield increases over the duration 

of the two consecutive trials. The growth enhancement effect was visible for Trial 1 

and can most probably be explained due to the treatments were given more time (6 

months) to decompose before planting and because fruit decomposes faster than leaf 

material (Inckel et al., 1999). Other pit-compost treatments such as leaf and mixed pit-

composts showed improved yields (compared to the untreated control) for Trial 1 only. 

This may indicate that the organic material used in those treatments were probably 

completely decomposed 1 year after application and thus not available anymore to the 

plants. According to Cooperband (2002) fruit and vegetable wastes are easily 

degraded because they contain mostly simple carbohydrates (sugars and starches) 

compared to the leaves, stems and barks which decompose slowly since they contain 

(hemi-) cellulose. It is hence suggested that other factors, such as the availability of 

carbon (C) and water as well as others, must be contributing to the improved yield in 

pit-compost besides decomposition of organic material. 

The use of soil amendments applied as pit-composts for nematode management is 

reported as a result of the present study for the first time showing that the plant-based 

amendments evaluated had a general superior effect in terms of reducing 

Meloidogyne spp. densities, and generally a positive effect on crop yield. In many 

vegetable production systems worldwide, problems due to plant-parasitic nematodes 

are symptomatic of unsustainable production practices that rely heavily on the use of 

synthetic pesticides and fertilisers (Jones et al., 2017). Organic amendments such as 

these used in our study as pit-composts can reduce the reliance of producers on toxic 

synthetically-derived products to combat nematode pests and have value for 

especially subsistence farmers worldwide.  

Pit-composting, especially the use of waste citrus fruits hence offers a promising 

nematode management alternative in reducing Meloidogyne spp. densities and 

enhancing tomato yield. However, since whole fruits were used in this study 

(constituting of peels, fruit flesh, seeds and juice), follow up research is focusing on 

extracting the juices and the oils of citrus crops, and evaluating their effects on 

Meloiodgyne spp. densities in in vitro, glasshouse and field trials to determine whether 

such products may have nematicidal effects.  
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Chapter 3 

Effect of juice, powder and oil soil amendments of Citrus spp. on Meloidogyne 

incognita population densities and tomato plant growth 

3.1. Introduction 

Crop losses caused by pathogens are a serious threat to food production and food 

security worldwide. Among these pathogens, plant-parasitic nematodes are 

considered of great importance, with annual monetary losses of US$157 billion (Abad 

et al., 2008), and more recently US$ 80 billion (Nicol et al., 2011) estimated worldwide 

as a result of the damage they can cause to agricultural crop plants. These estimates 

are, however, most probably grossly underestimated since many farmers, particularly 

in the subsistence agricultural sector, are not aware of nematode pests (Sikora and 

Roberts, 2018). The greatest part of these losses can be ascribed to infection of crop 

plants by root-knot nematodes (Meloidogyne spp.), which are considered worldwide 

as the economically most important group of plant-parasitic nematodes (Jones et al., 

2013). Management of root-knot nematodes is difficult due to their wide host range 

(they infect more than 5 000 plant species) and their ability to survive in a wide variety 

of environments (Ntalli et al., 2010; Onkendi et al., 2014). Among the root-knot 

nematode species, Meloidogyne incognita (Kofoid and White, 1919) Chitwood, 1949, 

is the most common as it infects almost every cultivated agricultural crop worldwide 

(Luc et al., 2005).  

In South Africa (SA), tomato (Lycopersicon esculentum L.) is the second most 

important crop grown for local consumption and export (FAO, 2019). Tomato plants 

have a high requirement for the macro-elements potassium (K) and calcium (Ca), and 

the micro-elements iron (Fe), manganese (Mn) and zinc (Zn) to allow optimal growth 

and yield. Without a good supply of both K and Ca, the fruits will be more susceptible 

to physiological disorders, such as blossom end rot (Jones, 2003). Root-knot 

nematodes feed on the roots of tomato plants resulting in the formation of galls (Jones 

et al., 2013) making it difficult for such roots to take up and translocate water, and 

other nutrients to aboveground plant parts, leading to stunted and yellowing plants 

(Jones et al., 2017). 
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Plant-parasitic nematodes have been managed for decades by using chemical 

products. However, chemical nematicides generally allow only partial and short-term 

control of nematode pests (Moens et al., 2009; Bhat et al., 2012; Sikora and Roberts, 

2018). In addition, chemicals can be harmful to animals, humans and the environment 

(Mohammed and Abdul, 2000). To successfully suppress nematode population 

densities below the damage threshold level, alternative strategies must be developed 

that preserve the environment and improve crop productivity. An alternative to 

chemical control is the use of biopesticides derived from plant parts. These chemical 

compounds are often non-toxic, non-polluting and do not leave toxic residues in the 

edible plant parts (Luc et al., 2005). However, the active ingredients have only been 

identified for a few biopesticides (Oka et al., 2000; Pérez  et al., 2003; Muhammad et 

al., 2004; Atungwu et al., 2009; Mervat et al., 2012; Hinmikaiye et al., 2016; Mashela 

et al., 2017) of which the active substances have been found in roots, barks, leaves, 

fruits or seeds (Walia et al., 2014).  

The use of organic soil amendments is a traditional cultural practice used to improve 

soil fertility, enhance plant health and augment other microorganisms (Cooperband, 

2002; Oka, 2010). A soil populated with a diverse range of microbial organisms, either 

in its natural state or as a result of the addition of organic soil amendments, is less 

likely to support plant pathogen assemblages that may cause extensive damage or 

crop losses. This generally is because the interaction between beneficial soil 

organisms and plant pathogens results in the suppression or the minimisation of the 

adverse effects of soilborne pathogens. Many types of organic soil amendments have 

been tested against plant-parasitic nematodes (Mervat et al., 2012; Forge et al., 2016; 

Mashela et al., 2017; Sikora and Roberts, 2018). However, one of the challenges with 

using organic soil amendments for nematode control is that inconsistent results are 

sometimes obtained, since nematode pest population densities can be influenced by 

a diversity of abiotic (soil type, temperature and moisture) and biotic factors such as, 

other soil microorganisms, crop genotype and others (Mervat et al., 2012).  

Plants obtain essential nutrients from fresh organic animal or plant residues when such 

substances decompose in the soil. The most common amendments are animal 

wastes, composts and plant residues (Oka, 2010; Sikora and Roberts, 2018). Animal 

manures and organic matter recycled from sewage are good examples of organic soil 
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amendments that also have a fertilizer component. Both can supply N, P and K which 

most crop plants need to grow and yield optimally (Stehouwer, 2010; 

https://lpelc.org/manure-as-a-source-of-crop-nutrients-and-soil-amendment). On the 

other hand, fruit and vegetable wastes are easily degraded in soils because they 

contain mostly simple carbohydrates (sugars and starches) compared to the leaves, 

stems, and barks of plants that decompose more slowly because of their cellulose and 

lignin contents (Cooperband, 2002). Examples of the successful control of plant-

parasitic nematodes are the use of essential oils of bergamot (Citrus bergamia) (Risso 

and Poit), lemon-scented gum (Eucalyptus citriodora) (Hook) and wormwood 

(Artemisia absinthium L.); oil cakes of neem (Azadirachta indica A. Juss), castor oil 

(Ricinus communis L), mustard (Brassica spp.), fever tree (Vachellia xanthophloea 

Benth.),  and other plant products (Ibrahim et al., 2006; Tsai, 2008a; Abo-Elyousr et 

al., 2009; Abolusoro et al., 2010; Mashela et al., 2010; Zakaria et al., 2013; El-Nagdi 

et al., 2017; Mashela et al., 2017; Ozdemir and Gozel, 2017).  

Organic soil amendments, used in pits as composts in the field in a previous study 

(Chapter 2; Paragraph 2.2) showed potential in suppressing root-knot nematode 

population densities as well as enhancing the growth and yield of tomato plants. In the 

latter study, an amendment consisting of citrus fruits in particular significantly reduced 

root-knot nematode [(M. incognita and Meloidogyne javanica (Treub, 1885) Chitwood, 

1949)] population densities in the rhizosphere soil and tomato roots. Since the fruits 

included in the citrus fruit compost consisted of peels, juices, flesh and seeds, it was 

difficult to determine the source of the nematode-suppressive and plant growth-

enhancing effect. Therefore, the objective of this study was to examine the effect of 

juice, powder and oil extracts of several Citrus spp. applied as soil amendments in 

suppressing population densities of M. incognita, and enhancing tomato plant growth 

under glasshouse conditions. 

3.2. Materials and methods 

3.2.1. Experimental sites 

Three glasshouse trials were conducted during the winter months (June-August) of 

2015 and 2016 on the premises of the Agricultural Research Council-Tropical and 

Subtropical Crops (ARC-TSC) research institute in Mbombela, Mpumalanga Province, 

https://lpelc.org/manure-as-a-source-of-crop-nutrients-and-soil-amendment
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South Africa (25°27'06.18"S and 30°58'05.21"E). Another trial was conducted during 

the winter months (June-August) and during the spring season (September-

November) of 2018 at the University of Venda, Limpopo Province, South Africa 

(22°58′32″S and 30°26′40″E). The minimum temperature during the duration of the 

trials averaged 6 °C and the maximum temperature 20 °C in Mbombela, and 4 °C and 

37 °C, respectively, in Venda.  

3.2.2. Nematode inoculum 

A population of M. incognita race 2 maintained on infected tomato roots was obtained 

from the Agricultural Research Council-Grain Crops (ARC-GC) research institute, 

Potchefstroom, North-West Province, South Africa. A single egg mass of this 

population was used to establish and maintain a population in soil in 15-L plastic pots 

on the M. incognita-susceptible tomato cultivar Monica (Daneel et al., 2018) in a 

greenhouse at the ARC-TSC, Mbombela. To obtain the nematode inoculum, eggs and 

second-stage juveniles (J2) of this population were extracted from the roots of 30 to 

40-days-old tomato plants using the adapted NaOCl method (Riekert, 1995). The root 

systems were gently uprooted, rinsed free of soil and adhering particles under running 

tap water, cut into 0.5- to 1-cm root segments and shaken for 4 min in a 1% NaOCl 

solution. Eggs and J2 released from the root tissues were collected on a 25-μm 

aperture sieve, transferred to an autoclaved 250 ml beaker, counted using a 1-ml 

Peter’s slide under a light microscope (10x magnification) and used as the source of 

the nematode inoculum.  

3.2.3. Soil preparation, nematode inoculation, application of treatments and 

planting 

The soil used for the trials was 100% river sand (De Jager soil suppliers, White River, 

South Africa). The soil was pasteurised with a steam steriliser (300 °C for 45 min) to 

kill all the soil organisms. Then, the pasteurised soil was mixed with a pasteurised 

compost medium (organic garden compost; Builders Warehouse, Mbombela) at a ratio 

of 1:1. The soil: compost mixture was added to 4-L black plastic plant bags, with small 

holes at the bottom, and placed in plastic saucers to prevent water from spilling on the 

floor. Before the tomato seedlings were transplanted, the soil: compost mixture in each 

bag was irrigated with 200 ml of distilled water and infested with ± 3 000 M. incognita 



101 
 

eggs and J2 by inoculating 10 ml of distilled water (in which the 3 000 eggs and J2 

were suspended) evenly in three, 10-cm-deep holes in the soil:compost mixture. The 

holes were immediately covered with topsoil after inoculation.  

At both experimental sites, the treatments were applied 1 day after nematode 

inoculation. The treatments included in the trials are described in Table 3.1 

(Mbombela) and Table 3.2 (Venda). Juice, powder and oil were extracted from the 

following citrus fruits: sweet orange (Citrus sinensis L. Osbeck), lemon (Citrus limon 

L. Osbeck), mandarin (Citrus reticulata Blanco and C. Unshiu), lime (Citrus aurantifolia 

Christm and Panzer) and grapefruit (Citrus paradisi Macfad). The citrus fruits were 

collected from trees growing in the ARC-TSC orchards and transported to the 

laboratory in boxes. The fruits were stored in a cold room at 10 °C until the juices and 

powders were extracted. The juices were extracted by cutting the fruits open with a 

sharp knife and placing each half on a juice extractor (Fig. 3.1 A-C). The powder was 

obtained by drying whole sweet orange fruits at 52 °C for 24 h and grinding them with 

a commercial grinder. The juices were then poured in individually-labelled 20-L 

buckets and placed in a cold room at a temperature of 10 °C until further use. Orange 

oil, lime oil and lemon oil used in the trials were commercial products obtained from a 

supplier (Zebochem Chemical Company, Durban) and were extracted by steam 

distillation (Božović et al., 2017).   

The treatments were applied by applying 200 ml of the respective juices and oils, and 

5 g of the powders of the different Citrus spp. evenly on top of the soil: compost mixture 

in the pots designated for each treatment. The plastic bags were then left undisturbed 

for 48 h to allow seepage of the juices and oils into the soil profile. Afterwards, one 6-

week-old tomato seedling (cv. Monica), which is susceptible to M. incognita (Daneel 

et al., 2018), was planted in each plastic bag. The tomato plants were kept in a 

glasshouse with a 12L:12D photoperiod and irrigated with 200 ml of tap water three 

times a week. No fertilizer was applied throughout the duration of the trials. Diseases 

were controlled using a registered product, copper oxychloride @ 300 g/100 L of 

water. 
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Figure 3.1. The juice-making process. A: pomelo fruits cut in half. B: processing of the 

lemon juice by squeezing the liquid out of the halved fruits. C: juices of different Citrus 

spp. in buckets (1: orange juice; 2: grapefruit juice; 3: mandarin juice). 

 

Figure 3.2. Set-up of a glasshouse trial showing 4-L capacity black, plastic bags filled 

with a pasteurised 1:1 mixture of sandy soil and compost in which seedlings of the 

Meloidogyne incognita-susceptible tomato cultivar Monica were grown for 56 days 

after inoculation with ± 3 000 eggs and second-stage juveniles (J2) of Meloidogyne 

incognita. 

A B C 
1 

2 

3 
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Table 3.1. Juice, powder and oil amendments of Citrus spp. included in the glasshouse 

trials in Mbombela. 

Treatment 
no. 

Trial 1 Trial 2 Trial 3 

Treatments 

1 Orange juice (Citrus sinensis): a 

100% juice concentrate applied 
pre-planting at 200 ml per 2.5 L 
capacity plastic bag (equivalent 
to 4 000L/ha) 

Orange juice (Citrus 
sinensis): a 100% juice 
concentrate applied pre-
planting at 200 ml per 2.5 L 
capacity plastic bag 
(equivalent to 4 000L/ha) 

Orange juice (Citrus 
sinensis): a 100% juice 
concentrate applied pre-
planting at 200 ml per 2.5 L 
capacity plastic bag 
(equivalent to 4 000L/ha) 

2 Orange powder (Citrus 
sinensis): derived from oven-
dried whole orange fruit for 24 h 
at 52˚C applied pre-planting at a 
rate of 5 g per 2.5 L capacity 
plastic bag 

Lemon juice (Citrus limon): a 
100% juice concentrate 
applied pre-planting at 200 ml 
per 2.5 L capacity plastic bag 
(equivalent to 4 000L/ha)  

Orange juice (Citrus 
sinensis): a 100% juice 
concentrate applied pre-
planting at 150 ml per 2.5 L 
capacity plastic bag 
(equivalent to 3 000L/ha) 

3 Orange oil (Citrus sinensis): 0.5 
ml oil diluted in 200 ml water per 
2.5 L capacity plastic bag, 
applied pre-planting 

 

Mandarin juice (Citrus 
reticulata): a 100% juice 
concentrate applied pre-
planting at 200 ml per 2.5 L 
capacity plastic bag 
(equivalent to 4 000L/ha) 

Orange juice (Citrus 
sinensis): a 100% juice 
concentrate applied pre-
planting at 100 ml per 2.5 L 
capacity plastic bag 
(equivalent to 2 000L/ha) 

4 Lemon oil (Citrus limon): 0.5 ml 
oil diluted in 200 ml water per 2.5 
L capacity plastic bag, applied 
pre-planting 

 

Grapefruit juice (Citrus 
paradisi): a 100% juice 

concentrate applied pre-
planting at 200 ml per 2.5 L 
capacity plastic bag 
(equivalent to 4 000L/ha) 

Orange juice (Citrus 
sinensis): a 100% juice 

concentrate applied pre-
planting at 50 ml per 2.5 L 
capacity plastic bag 
(equivalent to 1 000L/ha) 

5 Lime oil (Citrus aurantifolia): 0.5 

ml oil diluted in 200 ml water per 
2.5 L capacity plastic bag, 
applied pre-planting 

Fenamiphos @ 10 g/m row 
applied pre-planting 
(nematicide standard) 

Orange juice (Citrus 
sinensis): a 100% juice 
concentrate applied pre-
planting at 25 ml per 2.5 L 
capacity plastic bag 
(equivalent to 500 L/ha) 

6 Cadusaphos: 0.5 ml diluted in 
200 ml water per 2.5 L capacity 
plastic bag, applied pre-planting 
(nematicide standard) 

Oxamyl: 0.04 ml diluted in 200 
ml water per 2.5 L capacity 
plastic bag, applied pre-
planting (nematicide 
standard) 

 

Orange juice (Citrus 
sinensis): a 100% juice 
concentrate applied pre-
planting at 12.5 ml per 2.5 L 
capacity plastic bag 
(equivalent to 250 L/ha) 

7 Untreated control (200 ml of 
distilled water per 2.5 L capacity 
plastic bag) 

Untreated control (200 ml of 
distilled water per 2.5 L 
capacity plastic bag) 

Untreated control (200 ml of 
distilled water per 2.5 L 
capacity plastic bag) 
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Table 3.2. Juice concentrations of Citrus spp. applied as soil amendments included in 

the glasshouse trials in Venda. 

(-) no treatment application; idem= same as 

3.2.4. Rating of roots for galling and extraction of Meloidogyne incognita eggs 

and second-stage juveniles (J2) 

At 56 days after transplantation of the tomato seedlings, the plants were cut off at the 

soil surface and the root systems carefully removed from the soil. The roots were 

washed with a gentle stream of tap water to remove soil particles. Thereafter, the root 

gall index (RGI) was determined by rating the galling on a scale of 1 to 5, whereby 1 

= no galls, 2 = minor infection (< 5% of root system galled), 3 = moderate infection (5-

20% of root system galled), 4 = high infection (21-50% of root system galled) and 5 = 

very high infection (> 50% of root system galled) (Coyne et al., 2007). After the root 

gall ratings were completed, the roots were cut into 0.5- to 1-cm segments, thoroughly 

Treatment 

no. 

Trial 4 Treatment applications after planting 

Week 1 Week 2 Week 3 Week 4 Week 5 

1 Orange juice (Citrus 

sinensis) A: 10 ml 

100% orange juice 

diluted with 190 ml 

water per 2.5 L plastic 

bag 

200 L/ha juice  - - - - 

2 Orange juice B: idem as 

1 

200 L/ha juice  200 L/ha juice  - - - 

3 Orange juice C: idem 

as 1 

200 L/ha juice  200 L/ha juice  200 L/ha juice  - - 

4 Orange juice D: idem 

as 1 

200 L/ha juice  200 L/ha juice  200 L/ha juice  200 L/ha juice  - 

5 Orange juice E: idem as 

1  

200 L/ha juice  200 L/ha juice  200 L/ha juice  200 L/ha juice  200 L/ha juice  

6 Lemon juice (Citrus 

limon) A: 10 ml 100% 

lemon juice diluted with 

190 ml water per 2.5 L 

plastic bag 

200 L/ha juice  - - - - 

7 Lemon juice B: idem as 

6 

200 L/ha juice  200 L/ha juice  - - - 

8 Lemon juice C: idem as 

6 

200 L/ha juice  200 L/ha juice  200 L/ha juice  - - 

9 Lemon juice D: idem as 

6 

200 L/ha juice  200 L/ha juice  200 L/ha juice  200 L/ha juice  - 

10 Lemon juice E: idem as 

6 

200 L/ha juice  200 L/ha juice  200 L/ha juice  200 L/ha juice  200 L/ha juice  

11 Cadusaphos (0.5 ml 

diluted in 200 ml water 

per 2.5 L plastic bag, 

applied pre-planting 

0,5 ml/bag - - - - 

12 Untreated control (200 

ml distilled water) 

 

- (200 ml water) - - - - 
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mixed and weighed after which 30 g roots were used for nematode extraction. Eggs 

and J2 of M. incognita were extracted from the roots of each tomato plant using the 

adapted NaOCl method (Riekert, 1995) and counted using a 1-ml Peter’s slide (Marais 

et al., 2017) as explained in Paragraph 3.2.2. 

After the number of eggs and J2 were counted per 30 g of roots for each plant the final 

population density (Pf) and the reproductive factor (Rf) of the nematodes was 

calculated for each treatment according to the formula of Oostenbrink as published by 

Windham and Williams (1987): Rf = Pf/Pi with Rf = reproductive factor; Pf = final 

population density of eggs and J2; Pi = the inoculated number of eggs and J2 (± 3 000 

per seedling). 

3.2.5. Tomato plant variables measured 

The stem and plant height of each tomato plant were measured every second week 

until the termination of the trials, while the fresh mass of each plant’s shoot and root 

system were recorded when the trials were terminated. 

3.2.6. Experimental design and statistical analysis  

In all the trials, the treatments were arranged in a randomised complete block design 

(RCBD) with six replicates for each treatment. The plastic bags containing the tomato 

plants were rotated once a week to ensure that the plants were exposed to the same 

environmental conditions in the glasshouse. Data of all trials were first analysed 

individually using analysis of variance (ANOVA) and then submitted to a factorial 

analysis of variance (Statistica, Version 13) to determine whether interactions were 

evident, with treatments representing Factor 1 and seasons (season 1 and season 2) 

Factor 2. Means were separated using Tukey’s HSD Test (P≤0.05). Nematode counts 

were log(x+1) transformed before statistical analysis to minimize variation (Abd-

Elgawad, 1991). 

3.3. Results 

3.3.1. Nematode population densities 

3.3.1.1. Trial 1 
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For trial 1, a significant interaction of Treatment x Season for the Pf (P = 0.001; F-ratio 

= 9.060), Rf (P = 0.014; F-ratio = 2.869) and RGI (P = 0.001; F-ratio = 12.014) of M. 

incognita (Table 3.3).  

3.3.1.1.1. Season 1  

The Pf were significantly (P≤0.05) lower for the orange powder, orange oil and 

cadusaphos treatments compared to that of the untreated control and the other citrus-

based treatments (Table 3.3).  

The M. incognita Rf for the treatments in the orange juice treatment were similar to 

that of the untreated control, except for the lemon oil which had a significantly (P≤0.05) 

higher Rf than that of the untreated control, orange powder, orange oil, and lime oil 

treatments (Table 3.3).  

The RGI for the cadusaphos treatment was the only one significantly (P≤0.05) lower 

compared to the untreated control (Table 3.3).  

3.3.1.1.2. Season 2 

The Pf of the orange oil treatment was significantly (P≤0.05) higher than those of the 

cadusaphos treatment and the untreated control (Table 3.3). The other citrus-based 

treatments did not differ significantly from the cadusaphos and/or untreated control 

treatments (Table 3.3).  

The Rf were significantly (P≤0.05) higher for the orange oil treatment compared to that 

of the untreated control and the other citrus-based treatments, but similar to the lemon 

oil treatment. The other citrus-based treatments did not differ significantly from that of 

either the cadusaphos and/or untreated control treatments (Table 3.3). 

The RGI for all the citrus-based treatments were significantly (P≤0.05) lower than that 

of the untreated control treatment (Table 3.3).           
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Table 3.3. Effects of juice, powder and oil amendments of Citrus spp. on the reproduction of Meloidogyne incognita in tomato (cv. 

Rodade) roots 56 days after inoculation with 3 000 eggs + second-stage juveniles (J2) (Trial 1). 

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. 4Rf: Reproductive factor. 5RGI: Root gall index.  Log (x+1) transformed means in the 

same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) according to 

Tukey’s HSD test. 

Treatments 

 

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Eggs + J2 per 30 g roots (Pf) Rf per root system4 RGI per root system5 

Orange juice 4.21 (21 4562 ± 6 2033) aABC 3.8 (8 350 ± 2 766) abABC 7.2 abAB 2.8 abA 2.6 abAB 2.8 bcDE 

Orange powder 1.6 (1 638  ± 1 262) bA 3.6 (3 842 ± 445) abA 0.6 aA 1.3 abA 2.5 abAB 2.3  bE 

Orange oil 3.1 (4 481 ± 1 550) abA 4.3 (23 558 ± 4 249) cBC 1.5 aA 7.8 cAB 2.4 abCDE 4.3 cAB 

Lemon oil 4.5 (49 562 ± 19 459) aABC 4.1 (14 758 ± 4 501) bcAB 16.5 bAB 4.9 bcA 2.1 abAB 4.0 cBCDE 

Lime oil 3.6 (5 509 ± 1 713) aA 3.5 (4 075 ± 1 492) abA 1.8 aA 1.4 abA 2.3 abAB 3.5 cABCDE 

Cadusaphos 1.7 (544 ± 236) bA 2.9 (867 ± 239) aA 0.2 aA 0.3 aA 1.5 aA 1.2 aABCD 

Untreated control 4.2 (20 925 ± 6 244) aBC 3.9 (10 500 ± 3 116) abABC 7.0 abAB 3.5 abA 3.4 bCDE 5 dCDE 

P-value 0.001 

4.684 

0.001 

12.937 

0.001 

4.683 

0.001 

7.294 

0.014 

2.847 

0.001 

4.975 F-ratio 

Interaction Treatment x Season 

P-value 0.001 0.014 0.001 

F-ratio 9.060 2.869 12.014 
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3.3.1.2. Trial 2  

For trial 2, a significant interaction existed for Treatment x Season for the Rf (P = 

0.001; F-ratio = 8.469) and RGI (P = 0.001; F-ratio = 18.203) of M. incognita, but not 

for Pf (P = 1.00; F-ratio = 0.001; Table 3.4).  

3.3.1.2.1. Season 1 

Significantly (P≤0.05) lower Pf were recorded for all the citrus-based and the 

fenamiphos treatment compared to those of the untreated control and oxamyl 

treatments (Table 3.4).  

The Rf for the lemon juice, fenamiphos and oxamyl treatments were significantly 

(P≤0.05) lower than those of the mandarin juice treatment but similar to the grapefruit 

juice, orange juice, and the untreated control treatments (Table 3.4). 

The RGI for all the citrus-based and the fenamiphos treatment were significantly 

(P≤0.05) lower than those of the oxamyl and untreated control treatments (Table 3.4).  

3.3.1.2.2 Season 2 

The Pf of the fenamiphos, lemon juice and oxamyl treatments were significantly 

(P≤0.05) lower compared to the untreated control treatment. The orange juice, 

mandarine juice and grapefruit juice treatments did not differ significantly from the 

lemon juice treatment nor from the untreated control treatment (Table 3.4).  

The Rf of all citrus-based treatments and the fenamiphos treatment differed 

significantly (P≤0.05) from the untreated control and the oxamyl treatment (Table 3.4). 

The RGI of the untreated control treatment was significantly (P≤0.05) higher compared 

to those of all the citrus-based treatments and the fenamiphos and oxamyl treatments 

(Table 3.4).  
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Table 3.4. Effects of juice soil amendments of Citrus spp. on the reproduction of Meloidogyne incognita in tomato (cv. Monica) roots 

56 days after inoculation with 3 000 eggs + second-stage juveniles (J2) (Trial 2). 

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. 4Rf: Reproductive factor. 5RG: Root gall index. Log (x+1) transformed means in the 

same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) according to 

Tukey’s HSD test.

Treatments 
Season 1  Season 2  Season 1 Season 2 Season 1 Season 2 

Eggs + J2 per 30 g roots (Pf) Rf per root system4 RGI per root system5 

Orange juice 2.6 (1 211 ± 531) bA  3.41 (4 0032 ± 1 1123) bcA 1.3 abA 0.4 aA 1.1 aA 2.5 bCD 

Lemon juice 0.0 aA  2.7 (1 255 ± 314) bA 0.4 aA 0.0 aA 1.1 aA 1.5 abBC 

Mandarin juice 0.4 (491 ± 491) aA  3.4 (9 130 ± 2 936) bcA 3.0 bA 0.2 aA 1.1 aA 2.5 bC 

Grapefruit juice 0.9 (1 345 ± 885) abA  3.5 (5 423 ± 2 529) bcA 1.8 abA 0.4 aA 1.1 aA 2.5 bC 

Fenamiphos 1.0 (3088 ± 2 833) abA  1.3 (228 ± 124) aA 0.1 aA 1.0 aA 1.0 aA 1 aA 

Oxamyl 4.4 (40 840 ± 12 120) cB  2.0 (1 152 ± 476) abB 0.4 aB 13.6 bA 4.1 bC 2 bAB 

Untreated control 4.4 (34 085 ± 10 093) cB  3.8 (7 181 ± 1 520) cB 2.4 abA 11.4 bB 4.9 bC 3.5 cD 

P-value 0.001 

20.168 

0.002 

4.216 

0.002 

4.216 

0.001 

8.606 

0.001 

39.276 

0.001 

19.581 F-ratio 

Interaction Treatment x Season 

P-value 1.000 0.001 0.001 

F-ratio 0.001 8.469 18.203 
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3.3.1.3. Trial 3  

For trial 3, a significant interaction existed for Treatment x Season for the Pf (P = 0.001; 

F-ratio = 17.031), Rf (P = 0.001; F-ratio =19.478) and RGI (P = 0.001; F-ratio = 5.504) 

of M. incognita (Table 3.5).  

3.3.1.3.1. Season 1 

The Pf values were significantly (P≤0.05) lower for the 100 ml and 200 ml orange juice 

dosage treatments compared to those of the 12.5 ml and 25 ml dosage treatments, 

and the untreated control. The 50 ml and 150 ml dosage treatments differed 

significantly (P≤0.05) from the 12.5 ml and 25 ml dosage treatments but were similar 

to the 200 ml dosage treatment and the untreated control (Table 3.5).  

The Rf of all orange juice dosage treatments, except those of the 12.5 ml and 25 ml 

dosage treatments, did not differ significantly from those of the untreated control 

treatment (Table 3.5). 

The RGI of the 100, 150 and 200 ml orange juice dosage treatments were significantly 

(P≤0.05) lower than those of the 12.5, 25, and 50 ml dosage treatments as well as the 

untreated control (Table 3.5).  

3.3.1.3.2. Season 2 

During season 2, no significant differences were observed for the Pf, Rf and RGI of M. 

incognita among the orange juice dosage treatments and untreated control (Table 

3.5).   

 

 

 



111 
 

Table 3.5. Effects of orange juice dosage on the reproduction of Meloidogyne incognita in tomato (cv. Monica) roots 56 days after 

inoculation with 3 000 eggs + second-stage juveniles (J2) (Trial 3). 

 

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. 4Rf: Reproductive factor. 5RGI: Root gall index. Log (x+1) transformed means in the 

same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) according to 

Tukey’s HSD test. 

 

Treatments 
Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Eggs + J2 per 30g roots (Pf) Rf per root system4 RGI per root system5 

200 ml 2.01 (1 1502 ± 4473) aA 3.9 (10 175 ± 3 428) aA 0.4 aA 3.4 aA 2.3 aABC 2.5 aABC 

150 ml 2.1 (738 ± 357) abA  3.9 (14 150 ± 5 705) aA 0.3 aA 4.7 aA 2.3 aABC 2.7 aABC 

100 ml 1.6 (2 626 ± 2 231) aA 3.9 (10 950 ± 4 159) aA 0.9 aA 3.7 aA 3.0 bABC 1.8 aA 

50 ml 2.7 (4 454 ± 1 962) abA 3.9 (11 883 ± 3 573) aA 1.5 aA 4.0 aA 3.9 cBCD 2.2 aAB 

25 ml 4.9 (93 877 ± 15 470) cB 3.7 (5 250 ± 1 040) aA 31.3 bB 1.8 aA 4.9 dDE 3.0 aABCD 

12.5 ml 4.8 (83 357 ± 13 376) cB 3.5 (4 692 ± 1 163) aA  24.8 bB 1.6 aA 4.4 cdCD 2.5 aABC 

Untreated control 3.9 (12 357 ± 3 484) bcA 4.0 (12 658 ± 3 133) aA 4.1 aA 4.2 aA 5.0 dE 2.8 aABC 

P-value 0.001 

9.650 

0.575 

0.802 

0.001 

24.921 

0.398 

1.071 

0.001 

12.063 

0.270 

1.331 F-ratio 

Interaction Treatment x Season 

P-value 0.001 0.001 0.001 

F-ratio 17.031 19.478 5.504 
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3.3.1.4. Trial 4  

For trial 4, a significant interaction (P = 0.002; F-ratio = 2.878) of Treatment x Season 

was observed for the RGI of M. incognita, but not for the Pf (P = 0.321, F-ratio = 1.161) 

and Rf (P = 0.960, F-ratio = 0.384) (Table 3.6). 

3.3.1.4.1. Season 1 

The values of all nematode reproduction and root galling parameters (Pf, Rf, and GRI) 

except for Pf of orange juice A, were significantly (P≤0.05) lower for all the orange and 

lemon juice dosage treatments and the cadusaphos treatment compared to the 

untreated control (Table 3.6).  

3.3.1.4.2. Season 2 

The Pf and Rf of all orange and lemon juice dosage treatments and the cadusaphos 

treatment differed significantly (P≤0.05) from the untreated control. The orange juice 

A treatment resulted in significantly (P≤0.05) higher Pf and Rf than those of the other 

citrus juice treatments, except for the lemon juice A treatment, but they did not differ 

significantly from the cadusaphos treatment (Table 3.6). 

The RGI of all the citrus-based dosage treatments and the cadusaphos treatments 

were significantly (P≤0.05) lower than that of the untreated control (Table 3.6).
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Table 3.6: Effects of orange and lemon juice dosages on the reproduction of Meloidogyne incognita in tomato (cv. Monica) roots 56 

days after inoculation 3 000 eggs + second-stage juveniles (J2) (Trial 4).  

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. 4Rf: Reproductive factor. 5RGI: Root gall index. Log (x+1) transformed means in the 

same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤ 0.05) according to 

Tukey’s HSD test. 

Treatments 
Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Eggs + J2 per 30 g roots (Pf) Rf per root system4 RGI per root system5 

Orange juice A 2.51 (1 6612 ± 2 2473) bB 1.7 (1 252 ± 1 504) bAB 0.5 aB 0.4 bAB 1 aB 0 aA 

Orange juice B 0.5 (205 ± 502 ) aAB 0 (0 ± 0) aA 0.1 aAB 0 aA 0 aA 0 aA 

Orange juice C 0 (0 ± 0) aA 0 (0 ± 0) aA 0 aA 0 aA 0 aA 0 aA 

Orange juice D 0 (0 ± 0 ) aA 0 (0 ± 0) aA 0 a A 0 aA 0 aA 0 aA 

Orange juice E 0.6 (373 ± 914) aAB 0 (0 ± 0) aA 0.1 aAB 0 aA 0 aA 0.3 bAB 

Lemon juice A 0 (0 ± 0) aA 1.1 (100 ± 122) abAB 0 aA 0.03 abAB 0 aA 0 aA 

Lemon juice B 0 (0 ± 0) aA 0 (0 ± 0) aA 0 aA 0 aA 0 aA 0 aA 

Lemon juice C 0 (0 ± 0 ) aA 0 (0 ± 0) aA 0 aA 0 aA 0 aA 0 aA 

Lemon juice D 0 (0 ± 0) aA 0 (0 ± 0) aA 0 aA 0 aA 0 aA 0 aA 

Lemon juice E 0 (0 ± 0) aA 0 (0 ± 0) aA 0 aA 0 aA 0 aA 0 aA 

Cadusaphos 0.9 (300 ± 600) aAB 0.9 (164 ± 263) abAB 0.1 aAB 0.05 abAB 0.6 aAB 0 aA 

Untreated control 3.5 (3 905 ± 1 754) bC 3.6 (4 587 ± 1 808) cC 1.3 bC 1.5 cC 2.6 bC 3 cC 

P-value 0.001 

13.185 

0.001 

27.758 

0.001 

10.128 

0.001 

27.758 

0.001 

13.727 

0.001 

200.910 
F-ratio 

Interaction Treatment x Season 

P-value 0.321 0.960 0.002 

F-ratio 1.161 0.384 2.878 



114 
 

3.3.2 Plant growth  

3.3.2.1. Trial 1 

For trial 1, significant interactions of Treatments x Season was observed for all tomato 

plant growth variable measured: plant height (P = 0.001; F-ratio = 4.590), shoot mass 

(P = 0.001; F-ratio = 13.456) and root mass (P = 0.001; F-ratio = 5.242) (Table 3.7). 

3.3.2.1.1. Season 1 

The plant height of all the citrus-based amendments was significantly (P≤0.05) higher 

compared to the untreated control treatment. Increases in height ranged from 38% 

(orange powder) to 49% (orange juice and orange oil) (Table 3.7).  

The shoot mass of all the citrus-based amendments were significantly (P≤0.05) higher 

compared to the untreated control treatment, except for the orange powder 

amendment which did not differ significantly from the untreated control treatment. 

Increases in shoot mass ranged from 62% (orange powder) to 74% (orange juice) 

(Table 3.7).  

The root mass of all the citrus-based amendments were significantly (P≤0.05) higher 

compared to the untreated control treatment except for the orange powder which did 

not differ significantly from the untreated control. Increases in root mass ranged from 

33% (orange powder) to 51% (orange juice) (Table 3.7).  

3.3.2.1.2 Season 2 

Plant height and root mass did not differ significantly among the citrus-based 

amendments and the untreated control treatment. The shoot mass of the plants 

treated with the orange juice amendment was significantly (P≤0.05) higher compared 

to the untreated control, while the shoot mass of the plants treated with the orange 

juice and orange oil amendments was significantly (P≤0.05) higher compared to the 

cadusaphos treatment. Increases in shoot mass ranged from 0.2% (orange oil) to 29% 

(orange juice) compared to the untreated control (Table 3.7).
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Table 3.7. Effects of juice, powder and oil soil amendments of Citrus spp. on plant height, shoot mass and root mass of tomato (cv. 

Monica) plants 56 days after inoculation with 3 000 eggs + second-stage juveniles (J2) of Meloidogyne incognita (Trial 1). 

Means in the same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test. %C: Percentage change compared with the untreated control plants (- = % decrease, + = % increase).  

Treatments 

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Plant height (cm) Shoot mass (g) Root mass (g) 

 %C  %C  %C  %C  %C  %C 

Orange juice 55.5 aB +49 53.6 abB -0.5 18.1 cABCD +74 57.4 cF +29 3.7 aAB +51 32.0 aC +25 

Orange powder 45.6 bB +38 53.9 abB 0 12.3 abABC +62 33.3 abCD -21 2.7 abAB +33 13.2 aC -82 

Orange oil 55.7 aB +49 55.0 bB +2 17.5 bcABCD +73 40.7 bE +0.2 3.6 aAB +50 15.3 aCD -57 

Lemon oil 48.9 abB +42 52.6 abB -2 13.5 bABCD +65 28.2 abDE -44 3.1 aAB +42 13.0 aC -85 

Lime oil 49.8 abB +43 53.0 abB -2 14.8 bcABCD +68 26.6 abBCD -53 3.2 aAB +44 11.6 aD -107 

Cadusaphos 53.1 aB +47 44.9 aB -20 15.7 bcAB +70 21.7 aABC   -87 3.3 aAB +45 9.8 aC -153 

Untreated control 28.3 cA  53.9 abB  4.7 aA   40.6 bABC  1.8 bA  24.0 aC  

P-value 0.001 

35.750 

0.048 

2.398 

0.001 

18.750 

0.001 

8.050 

0.001 

5.471 

0.244 

1.393 F-ratio 

Interaction Treatment x Season 

P-value 0.001 

4.590 

0.001 

13.456 

0.001 

5.242 F-ratio 
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3.3.2.2. Trial 2 

For trial 2, significant interactions were observed for Treatment x Season for plant 

height (P = 0.001; F-ratio = 6.403), shoot mass (P = 0.035; F-ratio = 2.366) and root 

mass (P = 0.001; F-ratio = 8.332) (Table 3.8).  

3.3.2.2.1. Season 1 

All the citrus-based juice treatments (grapefruit juice, lemon juice and mandarin juice) 

resulted in significantly (P≤0.05) higher tomato plants with greater shoot mass 

compared to the untreated control plants as well as the plants treated with fenamiphos 

and cadusaphos (Table 3.8). Grapefruit juice, mandarin juice and orange juice 

treatments resulted in the highest plants, differing significantly (P≤0.05) from the plants 

treated with lemon juice. Plant height increases following citrus-based amendments 

ranged from 29% (lemon juice) to 50% (orange juice) compared to the untreated 

control. Shoot mass increases ranged from 17% (fenamiphos) to 82% (orange juice) 

compared to the untreated control.  

Root mass of all citrus-based amendments, except lemon juice, was significantly 

(P≤0.05) higher compared to the untreated control treatment, the fenamiphos and 

oxamyl treatments (Table 3.8). Increases in root mass following citrus-based 

amendments ranged from 17% (lemon juice) to 63% (orange juice) compared to the 

untreated control. 

3.3.2.2.2. Season 2 

Plant height of the plants treated with the citrus-based amendments, fenamiphos and 

oxamyl was significantly (P≤0.05) higher compared to the untreated control plants. 

Plant height of plants treated with orange juice was significantly (P≤0.05) higher 

compared to plants treated with all the other citrus-based amendments, fenamiphos 

and oxamyl. Increases in plant height following treatment with the citrus-based juices 

ranged from 21% (lemon juice) to 32% (orange juice), and 23% and 29% for plants 

treated with fenamiphos and oxamyl, respectively (Table 3.8). 

Shoot mass of plants treated with all citrus-based amendments and fenamiphos were 

significantly (P≤0.05) higher compared to the untreated control plants and the plants 
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treated with oxamyl, except for those treated with lemon juice in which shoot mass 

was similar to the untreated control plants. Increases in shoot mass of plants treated 

with the citrus-based amendments ranged from 36% (lemon juice) to 54% (orange 

juice) compared with the untreated control plants, and 42% and 33%, respectively in 

plants treated with fenamiphos and oxamyl. 

Only the root mass of plants treated with lemon juice, fenamiphos and oxamyl differed 

significantly (P≤0.05) from the untreated control plants. Only the orange juice and 

mandarin juice amendments resulted in plants with a significantly (P≤0.05) higher root 

mass compared to the other citrus-based amendments. Increases in root mass ranged 

from 1% (mandarin) to 27% (orange juice) compared to the untreated control plants 

(Table 3.8). 
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Table 3.8. Effects of juice soil amendments of Citrus spp. on plant height, shoot mass and root mass of tomato (cv. Monica) plants 

56 days after inoculation with 3 000 eggs + second-stage juveniles (J2) of Meloidogyne incognita (Trial 2). 

Means in the same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test. %C: Percentage change compared with the untreated control plants (- = % decrease, + = %. increase). 

 

Treatments 

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Plant height (cm) Shoot mass (g) Root mass (g) 

 %C  %C  %C  %C  %C  %C 

Orange juice 47.9 cC +50 91.0 aF +32 32.0 dC +82 69.7 cE +54 5.1 bABC +63 28.8 cF +27 

Lemon juice 33.7 bAB +29 75.6 bcE +21 14.2 bAB +58 50.4 abD +36 2.3 aAB +17 9.7 aCD -116 

Mandarin juice 43.0 cBC +44 80.0 bEF +22 24.9 cBC +76 60.3 bDE +47 4.1 bABC +54 21.3 bcF +1 

Grapefruit juice 42.7 cBC +44 80.2 bEF +22 24.1 cBC +75 55.2 bcDE +42 4.2 bABC +55 14.2 abDE -48 

Fenamiphos 27.0 aA +11 81.4 bEF +23 7.1 aA +17 54.5 bcD +42 1.5 aA -27 8.8 aBCD -139 

Oxamyl 28.2 aA +17 87.4 bEF +29 7.9 aA +25 48.3 abD +33 1.3 aA -46 10.2 aCD -106 

Untreated control 24.1 aA  62.4 cD  5.9 aA  32.0 aC  1.9 aAB  21.0 bcEF  

P-value 0.001 

48.160 

0.001 

7.983 

0.001 

96.63 

0.001 

7.505 

0.001 

34.457 

0.001 

11.596 F-ratio 

Interaction Treatment x Season 

P-value 0.001 

6.403 

 

0.035 

2.366 

0.001 

8.332 
F-ratio 
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3.3.2.3. Trial 3 

For trial 3, significant interactions were observed for Treatment x Season for plant 

height (P = 0.001; F-ratio = 15.818), shoot mass (P = 0.001; F-ratio = 3.942) and root 

mass (P = 0.002; F-ratio = 3.935) (Table 3.9).  

3.3.2.3.1. Season 1 

Plant height, shoot and root mass of plants treated with the 50, 100, 150 and 200 ml 

orange juice dosage treatments were significantly (P≤0.05) higher than those treated 

with the 12,5 ml and 25 ml orange juice dosages and the untreated control. Increases 

in plant heights ranged from 3% (12.5 ml dosage) to 61% (200 ml dosage); for shoot 

mass 18% (12.5 ml dosage) to 88% (200 ml dosage); and for root mass from 30% 

(12.5 ml dosage) to 83% (200 ml dosage) when compared to the untreated control 

plants (Table 3.9). 

3.3.2.3.2. Season 2 

Plant height did not differ significantly among the treatments, with only the 200 ml 

orange juice dosage treatment resulting in an increase (2.9%) compared to the 

untreated control (Table 3.9). 

Only the shoot mass of plants treated with 200 ml orange juice differed significantly 

(P≤0.05) from the untreated control and all the other dosage treatments (Table 3.9). 

The 50, 100, 150 and 200 ml dosage treatments resulted in significantly (P≤0.05) 

higher shoot mass compared to their 12.5 and 25 ml counterparts. Increases in shoot 

mass following the orange juice dosage treatments ranged from 7% (150 ml dosage) 

to 28% (200 ml dosage) compared to the untreated control.  

Only the root mass of plants treated with the 200 ml orange juice dosage was 

significantly (P≤0.05) higher compared to the untreated control plants, but not 

compared to the other juice dosage treatments. Increases in root mass following the 

orange juice treatments ranged from 8% (12.5 ml dosage) to 42% (200 ml dosage) 

compared to the untreated control plants (Table 3.9). 



120 
 

Table 3.9. Effect of orange juice dosage on plant height, shoot mass and root mass of tomato (cv. Monica) plants 56 days after 

inoculation with 3 000 eggs + second-stage juveniles (J2) of Meloidogyne incognita (Trial 3). 

Means in the same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test. %C: Percentage change compared with the untreated control plants (- = % decrease, + = %. increase).

Treatments 

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Plant height (cm) Shoot mass (g) Root mass (g) 

 %C  %C  %C  %C  %C  %C 

200 ml 48.4 eEF +61 57.9 aF +2.9 32.0 eCD +88 62.2 dF +28 9.6 fABC +83 26.9 bCD +42 

150 ml 44.9 eDE +58 53.7 aEF -5 25.9 dBC +86 48.5 cDE +7 8.2 eAB +80 19.2 abDE +19 

100 ml 37.8 dCD +50 51.9 aEF -8 18.1 cABC +80 43.0 bDE -5 5.7 dA +72 20.3 abDE +23 

50 ml 30.1 cBC +37 55.1 aF -2 9.9 bAB +63 44.3 bcDE -2 3.8 cA +58 23.8 abDE +34 

25 ml 23.9 bAB +21 50.2 aEF -12 6.3 aA +41 23.2 aBC -94 2.8 bA +52 17.6 abE +11 

12.5 ml 19.5 abA +3 49.3 aEF -14 4.5 aA +18 21.9 aBC -105 2.3 abA +30 16.9 abBCD +8 

Untreated control 18.9 aA  56.2 aF  3.7 aA  45.0 bcBC  1.6 aA  15.6 aCD  

P-value 0.001 

129.5 

0.140 

1.742 

0.001 

184.2 

0.001 

10.747 

0.001 

162.180 

0.020 

2.927 F-ratio 

Interaction Treatment x Season 

P-value 0.001 

15.818 

0.001 

3.942 

0.002 

3.935 F-ratio 
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3.3.2.4. Trial 4 

For trial 4, no significant interactions existed for Treatment x Season for plant height 

(P = 0.623; F-ratio = 0.816), shoot mass (P = 0.225; F-ratio = 1.312) and root mass (P 

= 0.175; F-ratio = 1.414) (Table 3.10).  

3.3.2.4.1. Season 1 

Plant height of plants treated with the citrus-based juices and cadusaphos did not differ 

significantly compared to the untreated control plants (Table 3.10). However, the 

orange juice D treatment resulted in plants with significantly (P≤0.05) higher heights 

compared to plants treated with cadusaphos. Increases in plant height ranged from 

21% (lemon juice D and E) to 38% (orange juice D) (Table 3.10). 

Shoot mass of plants treated with all the orange juice and lemon juice treatments 

differed significantly (P≤0.05) from the untreated control plants and plants treated with 

cadusaphos. The orange juice E treatment resulted in plants with significantly (P≤0.05) 

higher shoot mass values compared with the lemon juice (A, B, C, D, and E) and the 

orange juice (A, B, C, and D) treatments. Increases in shoot mass ranged from 36% 

(lemon juice D and E) to 69% (orange juice E) (Table 3.10). 

The root mass of plants treated with all the orange juice and lemon juice dosage 

treatments were similar to the root mass of the untreated control plants and the plants 

treated with cadusaphos, except for the orange juice C and E treatments which 

resulted in significantly (P≤0.05) higher root mass compared to the untreated control 

plants. Increases in root mass ranged from 42% (lemon juice C) to 79% (orange juice 

C) compared to the untreated control plants (Table 3.10). 

3.3.2.4.2. Season 2 

Plant heights of only plants treated with the orange juices C, E, and lemon juice E 

were significantly (P≤0.05) higher compared to the untreated control plants and plants 

treated with cadusaphos. Increases in plant height following the citrus-based juice 

treatments ranged from 24% (orange juice B and D) to 37% (orange juice E) compared 

to the untreated control plants (Table 3.10). 
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Only the shoot mass of plants treated with the orange juice E was significantly (P≤0.05) 

higher compared to the untreated control plants and plants treated with cadusaphos. 

Increases in shoot mass ranged from 18% (orange juice A) to 65% (orange juice E) 

(Table 3.10). 

Root mass of plants treated with all the citrus-based juices were not significantly 

different from root mass of the untreated control plants and the plants treated with 

cadusaphos. Increases in root mass ranged from 31% (lemon juice A) to 67% (lemon 

juice D) compared to the untreated control plants (Table 3.10). 
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Table 3.10. Effect of orange and lemon juice dosages on plant height, shoot mass and root mass of tomato (cv. Monica) plants 56 

days after inoculation with 3 000 eggs + second-stage juveniles (J2) of Meloidogyne incognita (Trial 4). 

Means in the same column followed by the same lowercase letter and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test. %C: Percentage change compared with the untreated control plants (- = % decrease, + = % increase).

Treatments 
Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 

Plant height (cm) Shoot mass (g) Root mass (g) 

  %C  %C  %C  %C  %C  %C 

Orange juice A 38.5 abCDE +30 20.7 abAB +10 15.1 bcABCDE +45 11.5 aABCD +18 1.4abcAB +50 2.7 aAB -37 

Orange juice B 37.9 abCDE +29 24.6 abABC +24 15.8 bcABCDEFG +47 16.6 abABCDEFG +43 1.9 abcAB +63 8.8 aBC +58 

Orange juice C 40.3 abCDE +33 27.3 bABCDE +32 22.7 cdEFG +63 15.3 abABCDE +39 3.3 cAB +79 4.7 aABC +21 

Orange juice D 43.2 bE +38 24.7 abABC +24 15.2 bcABCDE +45 19.5 abCDEFG +52 1.6 abcAB +57 7.5 aABC +51 

Orange juice E 42.7 abDE +37 29.5 cABCDE +37 26.6 dFG +69 26.8 bG +65 2.8 bcAB +75 7.1 aABC +48 

Lemon juice A 38.8 abCDE +30 25.3 abABC +26 15.6 bcABCDEF +47 15.7 abABCDEFG +40 1.3 abcA +46 5.4 aABC +31 

Lemon juice B 42.4 abDE +36 26.8 abABCD +30 18.0 cBCDEFG +54 19.9 abDEFG +53 2.1 abcAB +67 7.4 aABC +50 

Lemon juice C 36.2 abBCDE +25 26.5 abABCD +29 15.0 bcABCDE +44 14.8 aABCDE +36 1.2 abcA +42 6.6 aABC +44 

Lemon juice D 34.8 abABCDE +21 25.1 abABC +25 13.0 bABCDE +36 13.5 aABCDE +30 1.3 abcA +46 11.2 aC +67 

Lemon juice E 34.0 abABCDE +21 27.6 bABCDE +32 13.1 bABCDE +36 19.0 abBCDEFG +51 2.0 abcAB +65 6.2 aABC +40 

Cadusaphos 25.8 aABC -5 19.4 aA +4 6.2 aA -34 8.8 aABC -7 0.8 abA +13 3.6 aAB -3 

Untreated control 27.1 abABC 0 18.7 aA 0 8.3 aAB 0 9.4 aABCD 0 0.7 aA 0 3.7 aABC 0 

P-value 0.007 

2.405 

0.001 

3.632 

0.001 

10.641 

0.001 

4.146 

0.002 

3.172 

0.157 

1.493 
F-ratio 

Interaction Treatment x Season 

P-value 0.623 

0.816 

0.225 

1.312 

0.175 

1.414 
F-ratio 
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3.4. Discussion 

In the present study, the application of citrus juices (grapefruit, lemon, mandarin and 

orange), citrus oils (lemon, lime and orange) and orange powder as soil amendments 

before planting tomato significantly suppressed the M. incognita root population 

densities compared to the untreated control. These results are generally in agreement 

with those of various other studies, conducted in other parts of the world, showing that 

various citrus soil amendments can reduce M. incognita population densities. Tsai 

(2008a) demonstrated that citrus amendments, viz. refrigerator-stored pulpified peels 

of lemon, orange and grapefruit, inhibited infection of mung bean (Vigna radiate L. 

Wilczek) roots by M. incognita J2 in Taiwan. Manneh et al. (2016) reported from Ghana 

that amending soil with sweet orange and cassava peels at rates of 25 and 50 g/plant, 

respectively, was effective in reducing population densities of M. incognita in the roots 

and rhizosphere soil of tomato. However, no literature about the effect of citrus-based 

oils on population densities of M. incognita or other root-knot nematode species is 

available, according to the knowledge of the author, to compare it to results of the 

present study. However, ample literature is available on the use of plant oils that have 

nematicidal effects against root-knot nematodes which will be referred to. For example, 

Mervat et al. (2012) reported from Egypt that orange and jojoba (Simmondsia 

chinensis L.) oil extracts at a rate of 2 ml/100 ml of water reduced the population 

density of M. incognita in the rhizosphere soil of grapevines (Vitis vinifera L.). Avato et 

al (2017) reported that sweet orange (Citrus sinensis) essential oil applied as 

fumigation in the soil at a rate of 200 µg ml-1 significantly suppressed galls on tomato 

infested with M. incognita under pot experiments in Morocco. In Israel, Oka et al. 

(2000) reported that essential oils from oregano (Origanum vulgare L.), Spanish 

oreganum (Coridothymus capitatus L.) and zaatar (Origanum syriacum L.)  mixed with 

soil at rates of 100 and 200 mg/kg reduced the population densities of M. javanica in 

cucumber (Cucumis sativus L.) roots. 

Despite the fact that the experimental setups for the various trials and the conditions 

were uniform during the two seasons when the trials were conducted, results generally 

differed between seasons. However, for some treatments included in our study, M. 

incognita reproduction across seasons was generally similar. For example, the 

application of the orange powder was effective in inhibiting M. incognita reproduction 
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by suppressing the Pf numbers in tomato roots in Trial 1 in the 1st season. Although 

not significant, this application also resulted in lower nematode population densities in 

the 2nd season and complements a report by Ismail (2015) that citrus-based powder 

negatively affected root-knot nematode densities. The latter author recorded that 

under greenhouse conditions in Egypt, dry, crushed pomegranate (Punica granatum 

L.) peel applied at a rate of 12 g/pot before planting, decreased the reproduction rate 

of M. javanica in tomato roots.  

The inability of the lemon oil and orange oil applications to have a suppressive effect 

on the reproduction of M. incognita in both seasons of the present study are in contrast 

to those of Shawky et al. (2010). These authors reported that in Egypt, under 

greenhouse conditions, orange oil applied pre-planting at a rate of 2 ml/100 ml water 

resulted in 90.2% reduction in M. javanica J2 in both rhizosphere soil and roots of 

peanut (Arachis hypogaea L.)  

Although lemon juice was the most effective soil amendment in reducing M. incognita 

densities in the roots in both seasons of Trial 2 of the present study, all the other citrus-

based soil amendments also to a lesser degree reduced Pf in the 2nd season. The 

results of this part of the present study are also in agreement with the findings of other 

researchers that used juices of citrus crops other than lemon. For example, Tsai 

(2008b) reported that cranberry (Vaccinium oxycoccos (Hill) A. Gray) and pineapple 

(Ananas comosus L. Merr) juice, at 1:1 and 1:2 dilutions, respectively, reduced 

Pratylenchus coffeae Goodey, 1951 population densities by 100% (compared to an 

untreated control) in the roots of mung bean in Taiwan. It hence is suggested that all 

the amendments used in the present study contain natural nematotoxic compounds 

that could have caused the reduction in nematode population densities. Qiao et al. 

(2008) identified, for example, 49 volatile compounds using Gas chromatography–

mass spectrometry (GC-MS) including 20 hydrocarbons, 10 aldehydes, nine esters, 

nine alcohols, one ketone, limonene and terpenic acid in the juice and oil of sweet 

orange that are suggested to be associated with nematicidal activity. Pedroso et al. 

(2019) also identified 32 molecules produced by castor bean cake which included 

ketones, terpenes and esters. Incorporation of these volatiles in the soil resulted in a 

74% reduction in M. incognita infectivity and reproduction in tomato roots in Brazil. 
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Results from this present study furthermore showed that soil treatment with different 

dosages of lemon and orange juice significantly affected the Pf of M. incognita with 

higher rates of the orange juice resulting in lower Pf values (1st season of Trial 3). 

Since the lower dosages, i.e. 12.5 ml and 25 ml, showed no reduction in the Pf of M. 

incognita it is suggested that a minimum dosage of 50 ml/plant and a maximum dosage 

of 200 ml/plant should be effective in terms of its nematicidal activity, but also for 

improved plant growth. In addition, the consecutive applications (twice, three or four 

times with a 7-day interval between each) of lemon and orange juice, respectively, all 

resulted in lower Pf (compared to the untreated control). Moreover, results showed 

that the pre-plant, single-dose application exhibited adequate nematicidal effects since 

its Pf did not differ significantly from those of the follow-up applications. This is a further 

indication that farmers may benefit using citrus juices due to its cost-effectivity and 

less managarial inputs as demonstrated in this particular situation.  

The consistent Rf <1 values for the lemon juice treatment for both seasons in Trial 1 

suggest that this treatment should be regarded as superior in reducing M. incognita 

population densities in tomato roots. Since a Rf value of <1 suggests that the 

nematodes failed to reproduce, to match the Pi in the roots of a crop host (Oostenbrink, 

1966), these treatments definitely show potential for use by farmers. For the grapefruit, 

mandarin, and orange juices, Rf values were not consistent as Rf values of <1 was 

only observed in the 2nd season and not in the 1st season, however, all the juices and 

oils suppressed the development of galls in all the trials.  

Despite the positive results obtained in terms of various citrus-based amendments 

reducing J2 of M. incognita in the present study, it is crucial that a potential pesticide 

selected for further testing does not inhibit or adversely affects plant growth. The 

ultimate aim of farmers is to increase plant growth and yield, while at the same time 

reducing nematode population densities. From the present study, the greatest plant 

vigour measurements were obtained from the plants treated with orange juice followed 

by grapefruit juice, mandarin juice, orange oil and lime oil (relative to the cadusaphos 

treatment). These results are therefore generally in agreement with reports from other 

authors who showed that bio-agents caused the release of micro-elements and 

converted them to soluble forms of N, P and K, which had a positive effect on the 

vegetative growth of crop plants (Hashem et al., 2008; Tsai, 2008a; Mervat et al., 
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2012). Abbate et al. (2007), for example, reported that citrus pulp at a rate of 53 kg/ha 

increased sunflower (Helianthus annuus L.) plant height by 32% and resulted in a 96% 

increase in the diameter of flower heads in Italy. Oka et al. (2000) reported that in 

Israel, the weight of tomato plants in soil infested with M. javanica and amended with 

essentials oils was substantially higher than tomato grown in non-treated soil. The oil- 

and powder amendments used in the present study did, however, not have either a 

positive or negative effect on plant growth. The tomato plants treated with lemon juice 

showed phytotoxicity the first two weeks of trial 2, however the plants recovered after 

two weeks. 

Citrus-based juices and oils used in all trials in this present study showed potential, 

based on their nematicidal activity, for inclusion in an integrated pest management 

strategy. This is based on the ability of some of these treatments to reduce M. 

incognita population densities substantially, while others improved plant growth of 

tomato. Results obtained from these glasshouse trials hence justify further testing, of 

especially those treatments that showed superior nematicidial efficacy coupled with 

improved plant growth, under natural occurring field conditions. This also applies to 

treatments that showed some phytotoxicity, since the controlled conditions in which 

the trials were conducted in the glasshouses could have had an effect on the outcome. 

Once field trials have been conducted, the nematicidal or nematostatical effect of the 

citrus-based treatments with potential needs to be determined in order to further study 

their mode of action. 
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Chapter 4 

Effect of juice, powder and oil of Citrus spp. on root-knot and free-living 

nematode population densities, tomato plant growth and yield under field 

conditions 

4.1. Introduction 

Root-knot nematodes (Meloidogyne spp.) are considered the most widespread and 

damaging group of plant-parasitic nematodes worldwide (Jones et al., 2013) including 

South Africa (SA) (Kleynhans et al., 1996; Fourie et al., 2015). The estimated potential 

yield losses worldwide due to Meloidogyne spp. infection in tomato range from 25 to 

80% (Kaskavalci, 2007; Seid et al., 2015). Meloidogyne incognita (Kofoid and White, 

1919), Chitwood, 1949, is the most common root-knot nematode species present in 

local tomato fields, followed by Meloidogyne javanica (Treub, 1885), Chitwood, 1949 

(Fourie et al., 2017). These two species either occur in single populations or mixed 

communities. Commercial farmers have adopted management strategies often 

consisting of the application of nematicides for increasing crop yields. However, the 

use of nematicides have a negative impact on the environment, production and quality 

of agricultural produce (Onkendi et al., 2014). One of the most important challenges 

facing the rural smallholder farming sector in SA is the development of low-cost and 

low-input, environment-friendly and sustainable means of controlling plant pests, 

including plant-parasitic nematodes. One of the solutions may lie in the utilisation of 

organic soil amendments. The increasing demand for organic products is driven by 

consumer concerns regarding environmental health, food safety and food quality 

(Trienekens and Zuurbier, 2008).  

The European legislation on environmental protection, human and animal health has 

revised the utilization of pesticides on agricultural crops, and a search is now on for 

alternatives that are environmental-friendly (Krueger and McSorley, 2014). Natural 

plant products, such as plant extracts and essential oils, may provide an alternative 

nematode management option and have been demonstrated to be effective in a 

number of studies (Oka, 2010; Andres et al., 2012; Mervat et al., 2012; Ahmad et al., 

2013; Hinmikaiye et al., 2016; Manneh et al., 2016). One example is the use of 

essential oils, such as jojoba oil (Simmondsia chinensis L.), that were successful in 
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suppressing M. incognita population densities in grapevine (Vitis vinifera L.) 

rhizospheres while improving plant growth (El-Nagdi et al., 2017). Citrus fruits are 

widely consumed in SA, but most of the peels and seeds end up as unproductive 

wastes. Therefore, citrus fruit-based waste soil amendments have the potential and 

can be another way an organic farmer can increase yield and crop quality. This could 

be done without large financial expenses not only for fertilizers, but also for chemical 

pesticides, to reduce nematode pest population densities below the damage threshold 

level. Abolusoro et al. (2010) proved that aqueous extracts obtained from the peel of 

sweet orange (Citrus sinensis L.) can suppress M. incognita population densities on 

tomato under field and laboratory conditions.  

Indian neem (Azadirachta indica A. Juss) is another example of a plant that has been 

widely studied for its nematicidal properties. The seed from the neem tree is the source 

of two types of neem-derived botanical insecticides: neem oil and medium polarity 

extracts (Dayan et al., 2009). Neem leaf powder was successfully used in Nigeria to 

control Meloidogyne spp. on tomato (Agbenin et al., 2005). Partially decayed peels of 

cassava (Manihot esculenta Crantz) and sweet orange peelings have been tested 

against root-knot nematodes on tomato in Ghana (Manneh et al., 2016). Both fresh 

cassava and sweet orange peelings significantly reduced root galling and the number 

of eggs and second-stage juveniles (J2) in tomato rhizospheres, and increased plant 

growth. In SA, plant extracts for the management of root-knot nematodes have also 

been researched extensively (Mashela et al., 2017). However, no research has been 

conducted on citrus-based organic soil amendments to reduce plant-parasitic 

nematode populations. Since citrus fruit juices, powder and oils applied as soil 

amendments have shown a suppressive effect on root-knot nematode population 

densities and plant growth of tomato under glasshouse conditions (see Chapter 3; 

Paragraph 3.3) the objectives of this part of the present study were to evaluate the 

effect of citrus fruit juices, powder and oils on i) root-knot nematode population 

densities and tomato plant growth and yield under field conditions and ii) on the free-

living nematodes occurring in tomato rhizospheres. 

4.2. Materials and methods 

4.2.1. Experimental site 
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Two field trials were conducted at the premises of the Agricultural Research Council-

Tropical and Subtropical Crops (ARC-TSC) research institute in Mbombela, 

Mpumalanga province, SA (25°27'0618"S and 30°58'05.21"E), during the winter 

season (June-September) of 2016 and repeated during the same period in 2017. Soil 

type at the experimental site was sandy loam (84% sand, 14% loam, 2% clay, 1.6% 

organic matter, with a pH of 7.5). The average rainfall for the duration of the trials was 

7.12 mm in 2016 and 12.29 mm in 2017, with the highest rainfall occurring in 

September in both years. The average temperature for the duration of the trials in 2016 

ranged from a minimum of 7.72 °C to a maximum of 24.3 °C and from 10 °C (min.) to 

25 °C (max.), respectively, in 2017 (www.worldweatheronline.com/nelspruit-weather-

averages/mpumalanga/za.aspx).  

The size of the experimental site was 0.5 ha. The site was naturally infested with root-

knot nematodes (70% M. incognita and 30% M. javanica). Identification of the root-

knot nematode species was based on the morphology of the oesophagus and perineal 

pattern of 21 females, isolated from infected plant roots at the site, and done by Dr. 

Mariette Marais (ARC-Plant Health and Protection, Pretoria, SA) (Marais et al., 2017). 

Before the present study was conducted, potato (Solanum tuberosum L.), spinach 

(Spinacia oleracea L.), maize (Zea mays L.), tomato and onion (Allium cepa, L.) had 

been previously grown on the 0.5 ha experimental site.   

4.2.2. Treatments 

Treatments applied in both trials are listed in Table 4.1. The citrus fruit-based soil 

amendments used in this part of the study were the same as in Chapter 3 (Table 3.1). 

The treatments were applied in June 2016 and re-applied in June 2017.  

  

 

 

http://(www.worldweatheronline.com/nelspruit-weather-averages/mpumalanga/za.aspx
http://(www.worldweatheronline.com/nelspruit-weather-averages/mpumalanga/za.aspx


138 
 

Table 4.1: Juice, powder and oil soil amendments of Citrus spp. included in the field trials, conducted at Mbombela to investigate 

their effects on terrestrial plant-parasitic and non-parasitic nematode population densities. 

Treatment no. Trial 1  Trial 2  

Treatments 

1 Orange juice (Citrus sinensis): 1.2 L juice diluted in 8 L water applied pre-
planting); equivalent to 4 000L of juice/ha 

Orange juice: 1.2 L diluted in 8 L water applied pre-planting; equivalent 
to 4 000 L/ha 

2 Orange powder:  12 g dissolved in 8 L water applied pre-planting; 
equivalent to 40 kg of powder/ha 

Lemon juice: 1.2 L diluted in 8 L water applied pre-planting;  equivalent 
to 4000 L of juice/ha 

3 Orange oil: 12 ml oil diluted in 8 L water applied pre-planting;  equivalent 
to 120 L of oil/ha 

Mandarin juice (Citrus reticulata): 1.2 L diluted in 8 L water applied pre-

planting); equivalent to 4 000L of juice/ha 

4 Lemon oil (Citrus limon):  12 ml oil diluted in 8 L water applied at pre-
planting; equivalent to 120 L/ha 

Grapefruit juice (Citrus paradisi): 1.2 L diluted in 8 L water applied pre-
planting; equivalent to 4 000 L of juice/ha 

5 Lime oil (Citrus aurantifolia):  12 ml per meter row applied at pre-planting; 
equivalent to 120 L/ha 

Oxamyl: 5 ml per meter row applied pre-planting; equivalent to 50 L/ha 

6 Cadusaphos:6 ml per meter row applied at pre-planting; equivalent to 60 
L/ha 

Cadusaphos: 6 ml per meter row applied pre-planting; equivalent to 60 
L/ha 

7 Untreated control  Untreated control  
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4.2.3. Soil preparation, application of treatments and planting 

Soil preparation consisted of ploughing and rotovating the soil 1 week before the 

application of the herbicide Roundup® (486 g/L isopropylamine salt of glyphosate) that 

has been applied 2 weeks before planting for weed control. Shortly before the 

beginning of the trials, the soil was again loosened with a garden fork. The juices, 

powder and oils used in the trials were kept in a cold room at 10 °C. The single-dose 

juices, powder, oils and the nematicides were applied 3 days before the tomato 

seedlings were transplanted. All the treatments were prepared and applied with 8L 

plastic buckets with small holes in the bottom to allow easy and adequate spreading 

across the plots. Each plot was 1.5 x 2m wide and consisted of four 1.8 m rows with 

six tomato plants per row planted at a distance of 30 cm apart. The plots were spaced 

50 cm from each other. Six-weeks-old tomato (cv. Monica) seedlings grown in seedling 

trays in a mixture of compost and vermiculite were transplanted in the plots. This 

cultivar is susceptible to both M. incognita and M. javanica (Daneel et al., 2018). Plots 

were irrigated three times a week using a drip irrigation system (delivering 8 L water 

per plot). Hand hoes were used 4 weeks after planting to remove weeds.  

No fertilizer was applied to the tomato plants during the duration of the trials. In 

between the two tomato cropping cycles, viz. from October 2016 to May 2017, no other 

crops were grown on the plots. Tomato plants were sprayed both in 2016 and 2017 

with copper oxychloride at registered dosages (https://www.agri-intel.com) for 

treatment of fungal infections at 2 weeks after transplanting of the tomato seedlings. 

4.2.4. Rhizosphere soil and root sampling  

Rhizosphere soil and root samples were collected at 56 days after transplantation of 

the tomato seedlings up to a depth of 10 to 20 cm using a small garden trowel. This 

was done by uprooting the roots of 4 tomato plants with a garden fork in the middle 

part of each plot. The roots and soil, respectively, of the 4 samples obtained per plot 

were combined to obtain one composite sample of each per plot. 

4.2.5. Extraction of Meloidogyne spp. eggs and second-stage juveniles (J2) 
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From each plot, a 250 ml rhizosphere soil sub-sample was used for nematode 

extractions using the decanting and sieving method followed by a modified sugar-

flotation and centrifugation method (Coyne et al., 2007; Marais et al., 2017). Per plot, 

the stems of the 4 uprooted plants were cut and separated from the roots. Each root 

system was then immersed in water in a bucket and washed free of adhering soil and 

debris. The washed roots were cut into 0.5 - 1-cm-pieces, thoroughly mixed and 

weighed after which a sub-sample of 30 g of roots was used for nematode extraction 

using a modified sugar-flotation and centrifugation method (Coyne et al., 2007; Marais 

et al., 2017). Plant-parasitic and free-living nematodes were counted using a 1-ml 

Peter’s slide (Marais et al., 2017) mounted on a light microscope (10× magnification).  

4.2.6. Plant growth and yield 

At 56 days after transplanting of the tomato seedlings, the height of the shoots was 

measured, and the fresh shoot and root mass determined from the 4 plants sampled. 

Tomato fruits were harvested weekly, from the 2 plants cultivated per plot, from 6 

weeks after onset of the trials over a period of 16 weeks until termination of the trials. 

Only fruits that had coloured from pink to red were harvested.  

4.2.7. Experimental design and statistical analysis 

The lay-outs of the trials were randomised complete block designs (RCBDs) with six 

replicates per treatment. Data, for both nematode and plant parameters, were first 

analysed using Analysis of Variance (ANOVA) and thereafter submitted to a Factorial 

Analysis of Variance (Statistica, Version 13) with treatments representing Factor 1 and 

year (2016 and 2017) Factor 2. The means were separated using Tukey’s HSD Test 

(P ≤ 0.05). The numbers of root-knot and free-living nematodes were log(x+1) 

transformed before statistical analysis to reduce variation (Abd-Elgawad, 1991). 

Additionally, the percentage change (%C) in the nematode population densities 

compared to the untreated control plants was also calculated. In terms of plant 

parameters, the percentage change (%C) in plant height, fresh shoot and root mass 

as well as in fresh fruit mass and yield compared to the untreated control plants were 

calculated. Ultimately, at each harvest date the number of fruits and fresh fruit mass 

were recorded and the average yield per plot calculated.  
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4.3. Results 

4.3.1. Nematode population densities 

4.3.1.1. Trial 1 

For trial 1, significant interactions (P≤0.05) of Treatment x Year were observed for Pf 

of root-knot (P = 0.007; F-ratio = 3.206) and free-living nematodes (P = 0.050; F-ratio 

= 6.759) in the soil, but not for root-knot nematode Pf in the roots (P = 0.060; F-ratio = 

2.101) (Table 4.2). 

4.3.1.1.1. 2016 

The Pf of root-knot nematodes in the soil were significantly (P≤0.05) lower for the 

orange juice treatment compared to the lime oil treatment but not than the untreated 

control and the other citrus-based treatments (Table 4.2). Decreases in Pfs ranged 

from 14% (cadusaphos) to 73% (orange juice). By contrast, lemon oil, orange powder 

and lime oil treatments resulted in an increase in root-knot nematode Pfs of 2 to 213%, 

respectively.  

Root-knot nematode Pfs in the roots of plants treated with the citrus-based soil 

amendments did not differed significantly from those of the untreated control and the 

cadusaphos treatment (Table 4.2). Decreases in Pfs ranged from 18% (orange oil) to 

57% (cadusaphos) compared to the untreated control. By contrast, orange juice and 

powder, lemon and lime oil resulted in root-knot nematode Pf increases ranging from 

8 (orange juice|) to 55% (lime oil) in the roots compared to the untreated control. 

The free-living nematode population densities were significantly (P≤0.05) lower in soil 

of plants treated with cadusaphos, orange juice and oil compared to those of the 

untreated control and the other citrus-based soil amendments, which resulted in 

similar population densities compared to the untreated control (Table 4.2). 

4.3.1.1.2 2017 
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The Pfs of root-knot nematodes in the soil of plants treated with lemon oil only were 

significantly (P≤0.05) lower compared to those of the untreated control. Decreases in 

root-knot nematode Pfs ranged from 83% (lime oil) to 99% (lemon oil) (Table 4.2).  

In the roots, the Pfs of root-knot nematodes were significantly (P≤0.05) lower for all 

the treatments compared to the untreated control. Decreases in Pfs in the roots ranged 

from 74% (lime oil) to 84% (cadusaphos).  

Free-living nematode population densities were not significantly different in the soil of 

plants treated with the citrus-based amendments compared to those of the untreated 

control (Table 4.2). However, the plants treated with orange juice treatment had 

significantly (P≤0.05) higher free-living nematode densities in the soil compared to 

those of the cadusaphos treatment, but both did not differ from the untreated control. 

Increases in free-living nematode densities ranged from 27% (orange oil) to 175% 

(orange juice). 
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Table 4.2. Effects of juice, powder and oil amendments of Citrus spp. on population densities of Meloidogyne spp. and free-living 

nematodes in the rhizospheres (root and soil) of tomato cv. Monica at 56 days after planting (Trial 1). 

Treatments 

2016 2017 2016 2017 2016 2017 

Meloidogyne eggs + J2 per 250 ml rhizosphere soil (Pf) Free-living nematodes per 250 ml rhizosphere soil Meloidogyne eggs + J2 per 30 g roots (Pf) 

 %C  %C  %C  %C  %C  %C 

Orange juice 2.6 1 (533  2 ± 1173) aAB 
-73 1.7 (283 ± 112) aA -96 3.1 (1 617 ± 314) aA -84 4.2 (17 717 ± 3 694) bC +175 4.1 (34 258 ± 22 598) 

aA 

+8 3.8 (8 250 ± 3 315) aA -83 

Orange powder 3.4 (4 017 ± 2407) abABC 
+99 2.1 (442 ± 189) aAB -94 3.8 (7 617 ± 1 058) 

abAB 

-29 3.9 (8 317 ± 960) 

abABC 

+29 4.5 (38 808 ± 7 978) 

aA 

+22 3.8 (8 675 ± 2 207) aA -82 

Orange oil 2.9 (958 ± 189) abAB 
-52 2.2 (525 ± 231) aAB -92 3.1 (1 802 ± 832) aA -83 3.8 (8 150 ± 1 903) 

abABC 

+27 4.3 (26 000 ± 4 854) 

aA 

-18 3.9 (12 167 ± 3 196) 

aA 

-75 

Lemon oil 3.2 (2 058 ± 397) abABC 
+2 1.0 (83 ± 64) aA -99 3.5 (5 792 ± ) abAB -46 3.8 (9 925 ± 3 069) 

abABC 

+54 4.5 (34 250 ± 5 603) 

aA 

+8 3.8 (8 666 ± 3 153) aA -82 

Lime oil 3.5 (6 308 ± 2 541) bBC 
+213 2.3 (1 242 ± 617) 

aAB 

-83 3.5 (4 900 ± 1 681) 

abAB 

-54 3.9 (13 758 ± 3 933) 

abBC 

+114 4.7 (49 367 ± 4 558) 

aA 

+55 3.9 (12 575 ± 4 037) 

aA 

-74 

Cadusaphos 3.1 (1 717 ± 447) abAB 
-14 1.9 (267 ± 90) aA -96 3.1 (1 600 ± 400) aA -85 3.6 (5 925 ± 1 776) aAB -8 4.1 (13 475 ± 3 732) 

aA 

-57 3.6 (7 617 ± 3 201) aA -84 

Untreated control 3.1 (2016 ± 986) abABC 
 3.7 (7 442 ± 2 183) 

bC 

 3.9 (10 725 ± 2 355) 

bABC 

 3.7 (6 442 ± 1 650) 

abAB 

 4.4 (31 800 ± 7 173) 

aA 

 4.6 (49 083 ± 16 910) 

bA 

 

P-value 0.009 

3.392 

0.012 

3.232 

0.001 

5.242 

0.034 

2.267 

0.025 

2.801 

0.005 

F-ratio 
3.828 

Interactions Treatment x Season 

P-value 0.007 0.050 0.060 

F-ratio 3.206 6.759 2.101 

1Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. Log(x+1)-transformed means in the same column followed by the same lowercase letter 

and in the same row followed by the same capital letter do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change in nematode 

population density (root-knot and free-living nematodes) compared to the untreated control plants (- = % decrease, + = % increase) 
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4.3.1.2 Trial 2 

A significant interaction existed for Treatment x Season for the Pf of the Meloidogyne 

spp. (P = 0.010; F-ratio = 3.020), but not for free-living nematode densities (P = 0.211; 

F-ratio = 1.437) in the rhizosphere soil or root-knot nematode Pf (P = 0.351; F-ratio = 

1.134) in the roots (Table 4.3). 

4.3.1.2.1 2016 

The Pfs of root-knot nematodes in both rhizosphere soil and roots of plants treated 

with the different treatments were not significantly different compared to those of the 

untreated control, but decreased ranging from 13% (mandarin juice) to 67% 

(cadusaphos) (Table 4.3). The treatments with oxamyl and cadusaphos resulted in 

decreased Pfs in the rhizosphere soil of 54% and 67%, respectively, compared to the 

untreated control. Increases in Pfs of root-knot nematodes in the roots ranged from 

18% (mandarin juice) to 83% (grapefruit juice) compared to the untreated control.  

The densities of free-living nematodes in the rhizosphere soil were significantly 

(P≤0.05) lower in plants treated with cadusaphos and grapefruit juice compared to the 

untreated control (Table 4.3). Reduction in free-living nematode densities ranged from 

27% in the mandarin juice treatment to 61% in the cadusaphos treatment. 

4.3.1.2.2 2017 

The Pfs of root-knot nematodes in the rhizosphere soil were significantly (P≤0.05) 

lower in the lemon juice compared to the untreated control treatment; remarkable 

decreasing for all the juice soil amendments ranging from 67% (grapefruit juice) to 

97% (lemon juice) compared to the untreated control (Table 4.3).  

In the roots, none of the treatments differed significantly from the untreated control 

with regard to root-knot nematode Pfs (Table 4.3). However, the juice soil 

amendments and cadusaphos treatment resulted in substantial decreases in root-knot 

nematode Pfs in the roots ranging from 30% (mandarin juice) to 59% (cadusaphos) 

compared to the untreated control, while the oxamyl treatment resulted in an increase 

of 189%. 
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Densities of freel-living nematodes for all treatments did not differ significantly from the 

untreated control treatment (Table 4.3). However, all the treatments resulted in 

substantial increases in free-living densities ranging from 10% (cadusaphos) to 82% 

(grapefruit juice).  
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Table 4.3. Effects of juice soil amendments of Citrus spp. on population densities of Meloidogyne spp.and free-living nematodes in 

the rhizospheres of tomato (root and soil) of tomato cv. Monica at 56 days after planting (Trial 2). 

Log(x+1)-transformed means. 2Non-transformed means. 3Standard Error. Log(x+1)-transformed means in the same column followed by the same lowercase letter 

and in the same row followed by the same capital letter do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change compared with 

the untreated control plants (- = % decrease, + = % increase). J2: second-stage juveniles. 

Treatments 

2016 2017 2016 2017 2016 2017 

Meloidogyne eggs + J2 per 250 ml rhizosphere 

soil (Pf) 

Free-living nematodes per 250 ml 

rhizosphere soil 

Eggs + J2 per 30 g roots (Pf) 

 %C  %C  %C  %C  %C  %C 

Orange juice 3.31 (4 6672 ±  1 9863) aBC 
+26 2.1 (533 ± 253) 

aABC 

-72 3.4 (2 850 ± 617) 

abAB 

-47 3.6 (4 567 ± 1431) 

abABC 

+38 4.4 (30 700 ± 5 717) 

aABCD 

+28 3.2 (3 608 ± 1 329) 

aAB 

-51 

Lemon juice 3.6 (5 467 ± 2 055) aABC 
+42 1.2 (50 ± 23) 

aAB 

-97 3.4 (2550 ± 255) 

abABC 

-53 3.6 (4 892 ± 1 058) 

abBC 

+48 4.5 (38 917± 6 494) 

aCD 

+62 3.4 (3 300 ± 1 137) 

aAB 

-55 

Grapefruit juice 3.6 (6 308 ± 1 980) aABC 
+71 2.1 (642 ± 386) 

aABC 

-67 3.3 (2 166 ± 341 ) 

aABC 

-60 3.7 (6 058 ± 1 165) 

bC 

+82 4.6 (43 883 ± 5 847) 

aD 

+83 3.4 (3 208 ± 893) aA -56 

Mandarin juice 3.4 (3 225 ± 847) aABC 
-13 2.2 (258 ± 98) 

aABC 

-87 3.6 (3 925±594) 

abABC 

-27 3.6 (4 400 ± 779) 

abBC 

+33 4.1 (28 242± 8 027) 

aABCD 

+18 3.5 (5 083 ± 1 732) 

aAB 

-30 

Oxamyl 3.1 (1 691 ± 465) aA 
-54 2.6 (500 ± 116) 

aBC 

-74 3.5 (3 217±451) 

bABC 

-41 3.2 (2 416 ± 636) 

aABC 

+27 4.5 (36 912 ± 7 990) 

aBCD 

+54 3.8 (21 125 ± 6 759) 

aABCD 

+189 

Cadusaphos 2.9 (1 225 ± 346) aAB 
-67 2.1 (350 ± 116) 

aABC 

-82 3.2 (2 108 ± 431 ) 

aA 

-61 3.6 (3 658 ± 309) 

abABC 

+10 4.5 (42 075 ± 10 066) 

aD 

+76 3.3 (2 958 ± 1 045) 

aA 

-59 

Untreated control 3.4 (3 692 ± 1 442) aC 
 3.2 (1 933 ± 

213) bC 

 3.7 ( 5 408 ± 405) 

bAB 

 3.5 (3 317 ± 263) 

abABC 

 4.3 (23 908 ± 4 874) 

aABCD 

 3.7 (7 292 ± 3 082) 

aABC 

 

P-value 0.061 

2.244 

0.001 

8.997 

0.004 

3.815 

0.076 

2.116 

0.388 

1.089 

0.434 

F-ratio 1.010 

Interactions Treatment x Season 

P-value 0.010 0.211 0.351 

F-ratio 3.020 1.437 1.134 
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4.3.2. Plant growth and yield data 

4.3.2.1. Trial 1 

Significant (P≤0.05) interactions were observed for fresh root mass (P = 0.000, F-ratio 

= 6.170) and fresh shoot mass (P = 0.027; F-ratio =2.542) for Treatment x Season 

(Table 4.4). No significant interactions were, however, observed for fresh fruit mass, 

number of fruits and plant height.  

4.3.2.1.1. 2016 

No significant differences were observed for fresh fruit mass, fruit number and plant 

height among the treatments (Table 4.4). Increases in fresh fruit mass ranged from 

8% (lemon and lime oils) to 29% (orange juice and cadusaphos) compared to the 

untreated control. The orange powder had no effect on fresh fruit mass but orange oil 

reduced fresh fruit mass with 50% compared to the untreated control. The increases 

in fruit number ranged from 27% (orange powder) to 50% (orange juice). Plant height 

increases ranged from 8% (cadusaphos) to 18% (orange juice) compared to the 

untreated control. 

For fresh root mass, the orange juice and powder as well as lemon oil treatments 

resulted in significantly (P≤0.05) higher values compared to the untreated control and 

the cadusaphos treatments (Table 4.4). Increases in fresh root mass ranged from 67% 

(orange powder, orange oil, and cadusaphos) to 90% (orange juice) compared to the 

untreated control. 

For the fresh shoot mass, the orange juice and the lime oil treatments resulted in 

significantly (P≤0.05) higher values compared to the untreated control. Increases in 

fresh shoot mass ranged from 90% (orange powder and oil, lemon oil and 

cadusaphos) to 95% (orange juice and lime oil) (Table 4.4). 

4.3.2.1.2. 2017 

No significant differences were observed for all the plant variables measured (fresh 

fruit mass, fruit number, fresh root and shoot mass, and plant height) (Table 4.4). 

Increases in fresh fruit mass ranged from 20% (orange oil) to 50% (lemon oil); 
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increases in fruit number ranged from 7% (orange oil) to 33% (orange juice and lemon 

oil). No increases in fresh root and shoot mass for any of the treatments were 

observed, while increases (5%) in plant height were only observed in plants treated 

with the orange juice and orange powder compared to the untreated control. 
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Table 4.4. Effects of juice, powder and oil soil amendments of Citrus spp. on plant growth and yield of tomato cv. Monica, grown in a 

soil infested with Meloidogyne spp. (Trial 1). 

Treatments 

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017 

Fresh fruit mass (kg) Number of fruits Fresh root mass (kg) Plant height (cm) Fresh shoot mass (kg) 

 %C  %C  %C  %C  % C  %C  %C  %C  %C  %C 

Orange juice 1.66 a +29 0.75 a +43 32.4 a +50 21.0 a +33 0.10 aE +90 0.01 aAB 0 73.0 a +18 20.6 a +5 0.23 a +95 0.08 a 0 

Orange powder 1.22 a 0 0.41 a 0 21.5 a +27 15.5 a +13 0.04 bCDE +67 0.01 aAB 0 70.1 a +14 20.5 a +5 0.17 ab +90 0.07 a 0 

Orange oil 0.81 a -50 0.46 a +20 15.5 a -7 14.8 a +7 0.03 bcBCD +67 0.01 aAB 0 66.2 a +9 18.9 a -5 0.13 ab +90 0.06 a 0 

Lemon oil 1.29 a +8 0.76 a +50 23.5 a +33 21.3 a +33 0.04 bCDE +75 0.01 aA 0 67.5 a +12 20.4 a 0 0.16 ab +90 0.07 a 0 

Lime oil 1.34 a +8 0.35 a -33 22.5 a +30 12.5 a -7 0.05 abDE +80 0.01 aAB 0 69.1 a +13 20.3 a 0 0.20 a +95 0.06 a 0 

Cadusaphos 1.74 a +29 0.36 a 0 22.8 a +30 14.0 a 0 0.02 cABC +67 0.01 aAB 0 64.5 a +8 20.2 a 0 0.17 ab +90 0.06 a 0 

Untreated control 1.21 a 0 0.39 a  16.1 a  13.8 a  0.01 cA  0.01 aA  59.8 a  19.6 a  0.07 b  0.07 a  

P-value 0.215 

1.401 

0.187 

1.561 

0.468 

0.928 

0.478 

0.941 

0.001 

6.936 

0.854 

0.428 

0.142 

1.732 

0.891 

0.373 

0.005 

3.773 

0.947 

0.268 
F-ratio 

Interactions Treatment x Season 

P-value 0.930 0.996 0.000 0.137 0.027 

F-ratio 0.312 0.105 6.170 1.686 2.542 

Means in the same column followed by the same lowercase letter, and in the same row followed by the same capital letter do not differ significantly (P≤0.05) 

according to Tukey’s HSD test; %C: Percentage change compared with the untreated control plants (- = % decrease, + = % increase).  
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4.3.2.2. Trial 2 

No significant interactions existed for fruit mass (P = 0.981; F-ratio = 0.180), fruit 

number (P = 0.543; F-ratio = 0.841), root mass (P = 0.857; F-ratio = 0.429), plant 

height (P = 0.264; F-ratio = 1.311) and fresh shoot mass (P = 0.222; F-ratio = 1.414) 

(Table 4.5). 

4.3.2.2.1. 2016 and 2017 

None of the treatments differed significantly from the untreated control in both 2016 

and 2017 for all the plant growth variables measured (fresh fruit mass, fruit number, 

fresh root and shoot mass, plant height) (Table 4.5). Increases in fresh fruit mass 

ranged from 40% (orange juice and cadusaphos) to 85% (lemon juice) in 2016 and 

only 33% (lemon juice) in 2017 compared to the untreated control. Increases in fruit 

number were 33% (orange, grapefruit and mandarin juices) in 2016 and 22% (lemon 

juice) in 2017 compared to the untreated control. 

No increases in fresh root mass were observed in both 2016 and 2017 (Table 4.5) and 

in fresh shoot mass in 2016. In 2017, an increase of 50% in fresh shoot mass was 

observed in plants treated with the orange and lemon juices. Plant height increases 

ranged from 3% (grapefruit juice and cadusaphos) to 7% (orange juice) in 2016 and 

from 10% (orange juice) to 14% (lemon juice) in 2017. 
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Table 4.5. Effect of juice amendments of Citrus spp. on the yield of tomato cv. Monica, grown in a soil infested with Meloidogyne spp. 

(Trial 2). 

Treatments 

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017 

Fresh fruit mass (Kg) Number of fruits Fresh root mass(Kg) Plant height (cm) Fresh shoot mass (Kg) 

 %C  %C  %C  %C  % C  %C  %C  %C  %C  %C 

Orange juice 0.06 a +40 0.23 a 0 3.00 a +33 6.9 a 0 0.03 a 0 0.01 a 0 61.4 a +7 20.2 a +10 0.11 a 0 0.1 a +50 

Lemon juice 0.19 a +85 0.28 a +33 1.8 a 0 9.4 a +22 0.03 a 0 0.01 a 0 51.5 a -10 20.9 a +14 0.05 a 0 0.1 a +50 

Grapefruit juice 0.11 a +70 0.22 a 0 2.7 a +33 6.7 a 0 0.03 a 0 0.01 a 0 59.3 a +3 17.9 a 0 0.08 a 0 0.04 a -25 

Mandarin juice 0.09 a +70 0.15 a 0 2.6 a +33 5.1 a -40 0.03 a 0 0.01 a 0 60.1 a +5 17.8 a 0 0.09 a 0 0.04 a -25 

Oxamyl 0.04 a 0 0.15 a 0 1.3 a -100 5.2 a -40 0.02 a -50 0.01 a 0 52.3 a -10 17.7 a 0 0.07 a 0 0.05 0 

Cadusaphos 0.05 a +40 0.17 a 0 1.3 a -100 6.2 a -14 0.03 a 0 0.01 a 0 59.4 a +3 18.3 a 0 0.09 a 0 0.05 0 

Untreated control 0.04 a 0 0.21 a 0 1.8 a 0 6.8 a 0 0.03 a 0 0.01 a 0 56.9 a 0 18.5 a 0 0.08 a 0 0.05 0 

P-value 0.742 

0.581 

0.507 

0.889 

0.823 

0.472 

0.218 

1.418 

0.746 

0.576 

0.770 

0.545 

0.397 

1.072 

0.403 

1.064 

0.547 

0.839 

0.428 

1.021 
F-ratio 

Interactions Treatment x Season 

P-value 0.981 0.543 0.857 0.264 0.222 

F-ratio 0.180 0.841 0.429 1.311 1.414 

Means in the same column followed by the same lowercase letter do not differ significantly (P≤0.05) according to Tukey’s HSD test. %C: Percentage change 

compared with the untreated control plants (- = % decrease, + = % increase).  
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4.4. Discussion 

The present study was designed to evaluate the suppressive effect of different citrus 

oils, juices and orange powder applied as soil amendments on root-knot nematode 

population densities and their effect on free-living nematodes. Field trials conducted 

during both 2016 and 2017 demonstrated that a soil amendment of orange juice 

consistently resulted in a substantial reduction of the root-knot nematode population 

densities in the rhizosphere soil compared to the other citrus oil treatments. The 

suppressive effect was more pronounced in 2016, but changed in 2017 when the oil 

soil amendments performed better compared to the untreated control with lemon oil 

significantly reducing root-knot nematode numbers compared to the untreated control.  

The results of the 1st trial differed considerably between 2016 and 2017. Citrus oils 

(derived from lemon, orange and lime peels) had a very low nematicidal activity in the 

rhizosphere soil in 2016 compared to 2017 when substantial reductions in root-knot 

nematode population densities were evident. The difference in efficacy between the 

two years may indicate that the time allowed for the active ingredients to be released 

in the soil might be important and needs to be considered for effective nematode 

control by organic soil amendments. Results of the nematode suppressive effect of 

citrus oils under field conditions resulting from the present study is in agreement with 

the findings of Tsai (2008) who reported that the extracts of refrigerator-stored pulpified 

peels of lemon, orange and grapefruit inhibited the infection of mung bean (Vigna 

radiata L.) roots by M. incognita J2. Abolusoro et al. (2010) also observed that aqueous 

extracts of sweet orange peel is toxic to M. incognita and resulted in a significant 

reduction in nematode multiplication and subsequent root damage. Results of the 

present study also agree with reports by Izuogu et al. (2019) who tested the powdered 

and aqueous extract of citrus peels against M. incognita in a cowpea (Vigna 

unguiculata (L.) Walp) field in Nigeria. The treated plants performed significantly better 

than the control plants in terms of reduction of nematode populations, but also 

improved plant growth and yield. Phytochemical examination of the secondary 

metabolites revealed the presence of tannins, saponins, flavonoids, glycosides, 

sterols and alkaloids, while Gas chromatography–mass spectrometry (GC-MS) 

revealed the presence of citral and β-caryophyllene. These compounds were 

https://en.wikipedia.org/wiki/Carl_Linnaeus
https://en.wikipedia.org/wiki/Wilhelm_Gerhard_Walpers
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suggested to be responsible for the reduction in root-knot nematode population 

densities in cowpea rhizospheres since they exhibit nematicidal potential. 

Essential oils, especially limonene, have been identified in the peels of lemon, orange 

and grapefruit (Verzera et al., 2005; Kirbaşlar et al., 2006; Tsai, 2008).  The chemical 

components of the oils used in the present study were, however, not identified and it 

is therefore not possible to confirm whether limonene played a role in the nematicidal 

activity observed. Further studies are thus necessary to identify the chemical 

components causing the nematode suppressive effects of the citrus oils observed. 

Avato et al. (2017) reported poor sensitivity of M. incognita J2 to the essential oil 

extracted from C. sinesis with only 39.2% mortality recorded after 96 h. However, the 

essential oil resulted in significant suppression of galls when applied as a fumigation 

at 200 µg/kg in the soil. Reports also exisit about the nematicidal effects of essential 

oils, derived from other crop species, against root-knot nematodes e.g. Cymbopogon, 

Eucalyptus, Mentha, Perlagonium and others (Oka et al., 2000; Pandey et al., 2000; 

Ntalli et al. 2011). Furthermore, the insecticidal effects of citrus oils, e.g. oils from 

lemon, grapefruit, lime, kumquat (Citrus japonica Thunb) and tangerine (Citrus 

tangerina Tanaka) were demonstrated in the control of cowpea weevil (Callosobruchus 

maculatus F) and the rice weevil (Sitophilus oryzae L.) (Su et al., 1972). In another 

study, sweet orange essential oil was the most potent insecticide against the 

housefly (Musca domestica L.) (Palacios et al., 2009).  

The application of oils in the 1st trial resulted in lower population densities of free-living 

nematodes in the 2016 compared to the untreated control. However, in 2017, the 

number of free-living nematodes increased in the rhizosphere soil of all treated plants 

compared to the untreated plants, except for the cadusaphos treatment. In 2016, the 

oils reduced the densities of Meloidogyne spp. and increased the number of free-living 

nematodes in the rhizosphere soil. This is in agreement with a study by Akhtar (1998) 

who reported that neem (Azadirachta indica L.) oil cake applications reduced densities 

of a number of plant-parasitic nematodes, e.g. Hoplolaimus indicus Sher 

1963, Helicotylenchus indicus Siddiqi, 1963, Rotylenchulus reniformis Linford and 

Oliveira, 1940 and M. incognita, by 50% in chickpea (Cicer arietinum L.) rhizospheres 

and increased beneficial (predator and other free-living) nematodes.  
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For the 2nd trial, when considering both years, the application of lemon juice resulted 

in a significant reduction (97%) in Meloidogyne population densities in 2017 in the 

rhizosphere soil compared to the untreated control. Despite treatments not differing 

significantly in 2016, the treatment with the juices in 2017 resulted in pronounced 

reductions of the root-knot nematode numbers which were comparable with the 

cadusaphos and oxamyl treatments. This could be due to organic soil amendments 

taking longer to decompose and release the phytochemical compounds necessary for 

nematode control. The mode of action of active ingredients of these juices and the 

application modality are unknown and need to be investigated. Their efficacy under 

field conditions was inconsistent as a result of the present study agreeing with the 

findings of Thoden et al. (2011). These authors reviewed several studies in which root-

knot nematode population densitiess increased after the application of organic soil 

amendments, for example, the application of compost and cattle manure which did not 

reduce M. hapla population densities but improved yield. This gave rise to the 

hypothesis that interactions among a multitude of factors may contribute to the latter 

scenario, including the dosages of the organic soil amendments, number of application 

years, chemical characteristics of different products and their mode of action, soil 

infestation levels, microbe communities present and community structures of 

nematodes. 

Results from the present study hence add to the database of the utilization of 

biopesticides for the control of root-knot nematodes, as has been reported by many 

researchers (Oka et al., 2000; Kimpinski et al., 2003; Park et al., 2005; Siddiqi et al., 

2007; Abolusoro et al., 2010; Mashela et al., 2010; Henneron et al., 2015; Atandi et 

al., 2017; EI-Nagdi et al., 2017). The nematode suppressive effects have been 

attributed to the release of nematicidal products during decomposition of the 

biopesticides in the soil. For example, decomposition of sudangrass (Sorghum 

drummondii Nees ex Steud), castor bean (Ricinus communis L.), neem, sunn hemp 

(Crotalaria juncea L.) and Tagetes spp. released cyan glycoside dhurrin, which can be 

hydrolyzed to hydrogen cyanide (Widmer and Abawi, 2002). Pedroso et al. (2019) 

observed a more than 90% reduction in M. incognita infectivity and reproduction in 

tomato roots when exposed to volatile organic compounds produced by castor bean 

cake viz. phenol, 4-methyl phenol, 𝜸-decalactone, and skatole. 
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With regard to yields, the results showed little and/or inconsistent increases in yield 

for both the 1st and 2nd trials of the present study. Since the treatments did not differ 

from each other it may indicate that larger quantities of citrus-based juices, oils and 

powder should be evaluated under field conditions for improved growth or that it should 

be used in combination with other organic amendments and fertilizers. Extensive 

research should follow to investigate such possibilities to optimize the use of citrucs-

based amendments in fields of producers specifically in terms of improved plant 

growth and yields.  

Citrus is an important crop in commercial agriculture and it is found in most gardens 

in rural areas in the subtropical parts of South Africa, but also in moderate climatic 

areas. A considerable amount of citrus fruits goes to waste due to abiotic and biotic 

constraints, which can rather be recycled by using it for its nematicidal effects. The 

results of the present study show that juice and oils from low quality or rotten citrus 

fruits, used in field trials have potential as phytonematicides for the control of 

Meloidogyne spp. However, there is a need to study the mechanism of action of these 

substances in terms of altering the pathogenic behavior of root-knot nematodes on 

plants since citrus juices and oils can provide an alternative to synthetic chemical 

nematicides for organic food production. Moreover, it can assist in recycling such 

wastes instead of throwing it away. 
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Chapter 5 

The effect of Citrus spp. juices and oils on the hatching and motility of 

Meloidogyne incognita second-stage juveniles 

5.1. Introduction 

Root-knot nematodes (Meloidogyne spp.) are considered important pathogens 

affecting plant growth and yield of many agricultural crops worldwide. They are so 

successful as pathogens because they have a high reproduction rate, wide host range, 

are adapted to a wide range of environments and are difficult to control. Also, since 

root-knot nematodes are sedentary endoparasites they live relatively protected inside 

the plant tissues of their hosts (Seid et al., 2015; Jones et al., 2017). Several Citrus-

based organic soil amendments have shown potential to suppress the build-up of 

plant-parasitic nematode population densities (Tsai, 2008a; Abolusoro et al., 2010;  

Manneh et al., 2016; Varade and Dama, 2018). Manneh et al. (2016) reported that the 

aqueous extract of fresh orange (Citrus sinensis L. Osbeck) peel resulted in 87.8% 

inhibition of second-stage juvenile (J2) hatching and mortality of 94.8%, compared to 

the untreated control. Tsai (2008a) reported that stored aqueous extracts of pulpified 

peels of lemon (Citrus limon L. Osbeck), orange and grapefruit (Citrus paradisi 

Macfad) caused 90.8%, 93.5% and 85% J2 mortality of Meloidogyne incognita (Kofoid 

and White, 1919) Chitwood 1949, respectively. Abolusoro et al. (2010) observed that 

aqueous orange (Citrus sinensis L. Osbeck) peel extract inhibited hatching and 

caused a high mortality of J2 of M. incognita.  

The Citrus-based juices and oils used in all trials in Chapters 3 and 4 of this study 

showed an ability to reduce Meloidogyne spp. population densities. The lemon juice 

was the most effective soil amendment in reducing M. incognita final population 

densities (Pf)  in tomato (Lycopersicon esculentum Mill) roots in both seasons of Trial 

2 (Chapter 3). All the other citrus-based soil amendments also to a lesser degree 

reduced the Pf in the 2nd season under glasshouse conditions. Under field conditions 

(Chapter 4), orange juice was the most effective treatment compared to other citrus 

oils, although all oil treatments showed potential for the management of M. incognita. 

Some of the oil treatments improved plant growth while in some cases the population 

densities of free-living nematodes in the rhizospheres of tomato plants were 
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enhanced. Suppression of the population densities of a mixed population of M. 

incognita and Meloidogyne javanica (Treub, 1885) Chitwood, 1949, following the 

application of lemon juice in the present study, resulted in a significant reduction (97%) 

in the root-knot nematode population densities in the rhizosphere soil compared to the 

untreated control and the synthetic nematicide cadusaphos. A significant increase 

(175%) in the population densities of free-living nematodes and an increase (82%) in 

plant growth were also evident following orange juice application. Decreases in Pfs of 

M. incognita ranged from 83% following treatment with lime oil (Citrus aurantifolia 

Christm and Panzer) to 99% following treatment with lemon (Citrus limon) oil.  

The mode of action of the observed ability of Citrus-based organic soil amendments 

to substantially suppress root-knot nematode population densities, is unknown. 

Currently, scientists are focusing on the use of plant leaf extracts, essential oils and 

juices as alternatives to chemical control (Tsai, 2008a; Chedekal, 2013; Hinmikaiye et 

al., 2016; Ozdemir and Gozel, 2017; Regaieg et al., 2017; Mashela et al., 2017; Akhter 

et al., 2018; Annapurna et al., 2018; Dube et al., 2018; Khosa et al., 2019). Plants are 

an important source of nematicidal compounds involved in plant defence mechanisms 

against abiotic and biotic harmful agents (Renčo et al., 2014). These nematicidal 

compounds can be either directly applied as plant extracts, phytochemical 

formulations or organic soil amendments, or used as model compounds for the 

development of chemically synthesised derivatives (Chitwood, 2002; Ahmad et al., 

2010; Osei et al., 2011; Renčo et al., 2014; Khan et al., 2017; Rocha et al., 2017; Khan 

et al., 2019).  

Several in vitro studies have demonstrated the toxic effect of plant extracts on root-

knot nematodes. For example, Haroon et al. (2018) studied the effect of leaf and root 

extracts of neem (Azadirachta indica A. Juss), moringa (Moringa oleifera Lam.), 

lantana (Lantana camara L.) and licorice (Glycyrrhiza glabra L.) against Meloidogyne 

spp. All these extracts resulted in significant decreases in J2 hatching. Extracts of A. 

indica were the most effective inhibiting J2 hatching by up to 89%. Akhter et al. (2018) 

tested the aqueous leaf extracts of goat weed (Ageratum conyzoides L), kabkabron 

(Elephantopus scaber L.), lantana and cocklebur (Xanthium strumarium L.) against M. 

incognita race 3. Extracts of kabkabron caused the highest J2 mortality (93%). Taba 

et al. (2008) reported that ethanolic and aqueous extracts of black-jack (Bidens pilosa 

https://www.agronomy.it/index.php/agro/article/view/ija.2014.616/595
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L.), pennywort (Hydrocotyle dichondroides Makino), pink woodsorrel (Oxalis 

corymbosa DC.), procumbent yellow sorrel (Oxalis corniculata L.) and daisy fleabane 

(Stenactis annus L. Cass. Ex Less.) resulted in 90% or higher mortality of M. incognita 

J2. Regaieg et al. (2017) evaluated the effect of aqueous, ethanolic and methanolic 

extracts of pomegranate (Punica granatum L.) on J2 hatching and mortality of M. 

javanica. All extracts inhibited J2 hatching by up to 84% and caused J2 mortality of up 

to 94%. Chedekal (2013) tested the effects of aqueous leaf extracts of arka (Calotropis 

procera Aiton), neem, wild jasmine (Clerodendrum inerme L. Gaertn) and lantana on 

J2 hatching of M. incognita. The most effective leaf extract was C. procera which 

reduced J2 hatching by 99.8% and A. indica which caused 90% mortality of these root-

knot nematode life stages. Plant-derived products are ideal candidates to be included 

in integrated pest management (IPM) because they are usually safe for the 

environment, animals and humans (Chitwood, 2002).  

The main objective of this part of this study was to evaluate the sensitivity of M. 

incognita J2 hatching and viability to juices and oils of Citrus spp. in in vitro 

experiments 

5.2. Materials and methods 

5.2.1. Experimental site 

The trial was conducted in the laboratory at the Agricultural Research Council-Tropical 

and Subtropical Crops (ARC-TSC) research institute in Mbombela, Mpumalanga 

Province, SA (25°27'06.18"S and 30°58'05.21"E) under in vitro conditions. Juice 

processing was done the same way as described in Section 3.2 of Chapter 3. For the 

in vitro studies, juices were first filtered with milk filters to remove the fruit debris and 

then kept in 50 ml bottles at -10 °C. Lime and lemon oil used in the trials were 

commercial products (Zebochem Chemical Company, Durban) extracted by steam 

distillation (Božović et al., 2017). Three bio-assays were conducted to examine the 

effect of the juices on J2 hatching and motility while the recuperation of J2 (in terms of 

their motility) was also studied. Two independent experiments for each bio-assay 

comprising 10 concentrations of the juice and oil treatments were conducted; seven 

treatments that were each replicated six times. Every treatment was randomly 

assigned to six replicate blocks.  

https://www.agronomy.it/index.php/agro/article/view/ija.2014.616/595
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5.2.2. Treatments 

The treatments included in the trial are described in Table 5.1. The Citrus fruit-based 

juices and oils used in this part of our study were the same as in Chapter 3 (Table 

3.1). 

Table 5.1: Juices and oils of Citrus spp. included in in vitro  bio-assays to evaluate 

their efficacy in reducing the hatching and motility of second-stage juveniles (J2) of 

Meloidogyne incognita. 

Treatment no. Treatments 

C1 Salicylic acid at 1,200 ppm (applied as a positive control). 

C2 10% methanol (MeOH) (applied as a negative control). 

C3 Distilled water (applied as a negative control) 

A Orange juice (Citrus sinensis): applied at 10 concentrations of 100 to 1,000 ppm 

(increments of 100 ppm) 

B Lemon juice (Citrus limon): applied at 10 concentrations of 100 to 1,000 ppm 

(increments of 100 ppm) 

C Lime oil (Citrus aurantifolia): applied at 10 concentrations of 100 to 1,000 ppm 

(increments of 100 ppm) 

D Lemon oil (Citrus limon): applied at 10 concentrations of 100 to 1,000 ppm 

(increments of 100 ppm) 

 

5.2.3. In-vivo rearing of the target Meloidogyne incognita population and 

preparation of nematode inoculum 

The population of M. incognita used in this part of our study was originally isolated 

from tomato roots from a production farm of ZZ2, Mooketsi (23°36'11.5"S and 

30°06'18.1"E), Limpopo province, South Africa. The species was identified by the root-

knot nematode taxonomist Dr Mariette Marais (ARC-Plant Health and Protection, 

Pretoria, SA) (Marais et al. 2017) on the basis of the morphological characteristics of 

females.  A single egg mass of this population was used to establish and maintain a 

population in soil in 18-cm-diameter, 20-L capacity plastic pots containing a 50:50 
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mixture of a sandy soil and compost. To obtain the nematode inoculum, eggs and J2 

of this population were extracted from the roots of plants that had been inoculated 8 

weeks prior to harvesting the roots using the adapted NaOCl method (Riekert, 1995). 

The root systems were gently uprooted, rinsed free of soil and adhering particles under 

running tap water, cut into 0.5 to 1-cm root segments and shaken for 4 min in a 1% 

NaOCl solution. Eggs and J2 released from the root tissues were collected on a 25-

μm aperture sieve and used as the source of the nematode inoculum.  

5.2.4. Preparation of stock solutions of the Citrus-based juices and oils 

Ten stock solutions, one for each juice and oil treatment were prepared. Using a 

pipette, aliquots of 100 ppm to 1,000 ppm (in increments of 100 ppm) were measured 

and transferred separately into sterile 1.5-ml capacity Eppendorf tubes. Distilled water 

was added to fill each tube to the 1 ml mark, after which the tubes were tightly closed. 

A 10% dilution/concentration of each extract was required from the stock solutions for 

the egg hatching and J2 mortality bio-assays. These concentrations were obtained by 

preparing 900 µl distilled water in separate sterile 1.5-ml capacity Eppendorf tubes 

and adding 100 µl of each stock solution to make up 1 ml of each concentration. The 

concentrations of each of the juice and oil treatments were again thoroughly mixed 

and stored at 4 °C in a refrigerator (Khosa et al., 2019).  

5.2.5. Hatching inhibition of  second-stage juveniles (J2) of Meloidogyne 

incognita 

The effect of the 10 different concentrations of juices and oils on the hatching of the 

J2 of M. incognita was tested in culture test plates supplied by Lowveld chemicals Pty 

(Ltd) in Whiteriver, containing 96 wells each with a volume of 1,000 µl . An average of 

± 42,000 eggs of M. incognita was added to 50-ml Eppendorf tubes. These eggs were 

obtained from the nematode-infected tomato roots using the adapted NaOCl extraction 

method (Riekert, 1995), pipetted onto an autoclaved 25 µm-mesh sieve and washed 

with 300 ml of distilled water. Eggs retained on the sieve were washed off the sieve 

with 10 ml of distilled water into an autoclaved 250 ml beaker and the eggs counted in 

1-ml aliquots. The suspension was thoroughly shaken by hand for 5 s and a 90-µl 

suspension containing ± 100 eggs transferred to individual wells of a 96-well culture 

test plate. Ten microlitres of each of the juice and oil concentrations (100 ppm to 1,000 



167 
 

ppm) was subsequently added to individual wells of a well plate. Thus, the final volume 

in each well was 100 µl (90 µl containing eggs + 10 µl of the respective treatment 

concentrations). The culture well plates were wrapped in parafilm, shaken gently for 

10 seconds using a laboratory shaker at 1,000 revolutions per minute (rpm) on an 

Orbit 1000 (Labnet, Edison, USA) laboratory shaker and placed in a dark temperature-

regulated incubator at 22 °C. The J2 that had hatched in each well were counted 5, 

10, 15 and 20 days after incubation (DAIn) using an inverted, compound microscope 

(32× magnification; Carl Zeiss, Jena, Germany). There were six replications per 

treatment and each bio-assay was repeated twice at different times. 

5.2.6. Motility inhibition of  second-stage juveniles (J2) of Meloidogyne incognita  

The effect of the 10 different concentrations of each juice and oil treatment on the 

motililty of the J2 of M. incognita was tested following the method described by Khosa 

et al. (2019). The bio-assays were carried out in 96-well culture test plates, each well 

containing 10 µl  of each juice or oil concentration (of a range of 100-1,000 ppm). A 

90-µl suspension containing ± 100 newly-hatched J2 was transferred to each well 

using a pipette. Thus, the final volume in each well was 100 µl (similar to the egg 

experiment, see Section 5.2.5). The plates were sealed and the same process 

followed as described for the egg experiment (Section 5.2.5). After being incubated at 

22 °C in a dark incubator the number of immotile J2 were counted 24, 48 and 72 h 

after incubation using an inverted compound microscope at 32× magnification (Carl 

Zeiss, Jena, Germany). The J2 were considered immotile when laying straight and 

when no movement was observed for 30 s to 1 min. Treatments were arranged in a 

randomised complete block design, replicated six times. The bio-assay was repeated 

twice at different times. 

5.2.7. Recuperation of second-stage juveniles (J2) of Meloidogyne incognita 

Ninety microlitres of distilled water were added to each well in which the J2 were 

suspended in the respective treatment concentration for 72 h to assess their motility 

(see Section 5.2.6) and the plates incubated in the same incubator for an additional 

24 h. Ninety-six hours after the commencement of the experiment, the number of J2 

that remained immotile in each well was counted to assess whether they had 
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recuperated. This was done using an inverted microscope at 32× magnification as 

described in Section 5.2.6.  

The percentage inhibition in J2 hatching and motility was calculated for each 

concentration treatment using the formula’s indicated below.  

The J2 hatching bio-assay: Cn-Ct /Cn x 100% where Cn = number of J2 that hatched 

in the untreated control and Ct = number of J2 that had hatched in each concentration 

treatment. 

For the motility bio-assay: Cn = number of immotile J2 in the control and Ct = number 

of immotile J2 after 24, 48 and 72 h exposure. 

5.2.7. Data analysis  

To determine whether significant (P ≤ 0.05) differences existed among the treatments 

for the initial and repeat experiments of J2 hatching and J2 motility, respectively, data 

were subjected to analysis of variance and no differences were observed between 

repeats for both trials. Therefore, data of the first trial was combined with the repeats 

and subjected to Factorial Analysis of Variance (Statistica, Version 13) and means 

were separated with Tukey’s HSD Test (P ≤ 0.05). The median lethal concentration 

(LC50) was calculated by referring to a regression equation following probit (short for 

probability unit) analysis. Proposed by Finney (1952), probit is a statistical treatment 

of transforming the sigmoid concentration response curve to a straight line that can be 

analysed by regression analysis. Once a regression is run, the output of the probit 

analysis can be used to estimate the value, on the log10 concentration, at which 50% 

of the J2 were immotile (LC50). 

5.3. Results 

5.3.1. Hatching inhibition of second-stage juveniles (J2) of Meloidogyne 

incognita  

The effects of the Citrus fruit-based treatments (orange and lemon juice, lemon and 

lime oil) on M. incognita J2 hatching 5, 10 (Fig. 5.1 A and B), 15 and 20 (Fig. 5.2 A 

and B) DAIn are presented.. The results show that all treatments significantly (P≤0.05) 
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inhibited J2 hatching 5 and 10 DAIn (between 90 and 100%), compared to both the 

untreated control (distilled water: DW) and the 10% methanol treatment (used to 

dissolve the stock treatments). However, the 100 ppm lemon oil (LO) concentration 

and all the salycilic acid (SA) concentrations showed significantly lower J2 hatching 

percentages compared to the other Citrus-based treatment’s concentrations. The J2 

hatching 5 and 10 DAIn was not inversely proportional to the concentrations of the 

treatments, since from the minimum to maximum concentration all showed a similar 

hatching inhibition effect (Fig. 5.1 A and B).  

At 15 and 20 DAIn, J2 hatching increased substantially in all the untreated control 

(DW) and  10% methanol concentrations (Fig.5.2 A and B) with a general similar effect 

15 DAIn visible for the SA concentrations, but not 20 DAIn (Fig. 5.2 A and B). Similar 

to results for 5 and 10 DAIn, all treatments significantly (P≤0.05) inhibited J2 hatching  

(between 90 and 100%) compared to both the untreated control (distilled water: DW) 

and the 10% methanol treatment. The 100 ppm lemon oil (LO) concentration and all 

the salycilic acid (SA) concentrations showed significantly (P≤0.05) lower J2 hatching 

percentages compared to the other Citrus-based treatment’s concentrations; similarly 

to 5 and 10 DAIn.  

For the 20 DAIn interval, the percentage J2 inhibition again substantially increased for 

the untreated control (DW) and the 10% methanol concentrations to such an extent 

that it did not differ significantly from the SA anymore (Fig. 5.2B). However, all 

concentrations of these three treatments showed significantly (P≤0.05) lower J2 

hatching compared to the Citrus-based treatment’s concentrations which inhibited 

hatching between 90-100%. 
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Figure 5.1 A-B: Inhibition of hatching of second-stage juveniles (J2) of Meloidogyne incognita at different concentrations (100 to 1,000 ppm) of Citrus fruit-

based juices and oils under in vitro conditions 5 (A) and 10 days (B) after incubation. SA = salicylic acid; Methanol = 10% methanol; DW = distilled water; LJ = 

lemon juice; LO = lemon oil; OJ = orange juice and lime oil = LIO. 

Day 5 Day 10 
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Figure 5.2 A-B: Inhibition of J2 hatching of Meloidogyne incognita at different concentrations (100 to 1,000 ppm) of Citrus fruit-based juices and oils under in 

vitro conditions 15 and 20 days after exposure. SA = salicylic acid; Methanol = 10% methanol; DW = distilled water; LJ = lemon juice; LO = lemon oil; OJ = 

orange juice and lime oil = LIO. 

Day 15 Day 20 
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5.3.2. Motility inhibition of  second-stage juveniles (J2) of Meloidogyne incognita  

All concentrations of SA caused a 100% inhibition of J2 motility differing significantly 

(P≤0.05) from the untreated control (DW) and 10 % methanol  concentrations which 

had no effect on the inhibition of J2 motility for the 24 (Fig. 5.3A), 48 (Fig. 5.3B) and 

72 h (Fig. 5.3C) time intervals after incubation commenced. 

For the 24 (Fig. 5.3A) and 48 h (Fig. 5.3B) time intervals, the LJ, LO and OJ 

concentrations from 300 ppm upwards resulted in a 100% inhibition of J2 motility. 

Similarly, 900 and 1,000 ppm concentrations of LIO showed increased J2 immotility 

after 24 h DAIn, while it further increased from the 300 ppm upwards for the 48 h 

interval. All these treatment’s concentrations had significantly (P≤0.05) higher J2 

immotility levels than all concentrations of: the untreated control (DW) and 10% 

methanol (24 and 48 h after incubation);  the 100 and 200 ppm LJ (zero J2 immotility) 

concentrations 24 and 48 h after incubation; the 100 and 200 ppm OJ concentrations 

24 h (58 and 80% J2 immotility) and 48 h after incubation (0 and 98% J2 immotility); 

the 100 and 200 LO concentrations 24 h (5 and 35% J2 immotility) and 48 h after 

incubtation (40 and 69%); the 100-800 ppm concentrations of LIO 24 h (0, 10, 59, 65, 

75, 86, 93 and 80% J2 immotility) and the 300-500 ppm concentrations 48 h (90, 99 

and 100% J2 motility) after incubation. 

For the 72 h time interval (Fig. 5.3C), all SA concentrations as well as LJ, LO, LIO and 

OJ concentrations from 300 ppm upwards resulted in significant inhibition of J2 motility 

(between 90 and 100%) differing significantly (P≤0.05) from the untreated control (DW) 

and 10 % methanol concentrations. The 100 ppm concentrations fo the LJ, LIO and 

OJ did not differ significantly from each other nor from the untreated control, and 10% 

methanol concentrations. The following treatment concentrations, however, had 

significantly (P≤0.05) higher J2 immotility rates compared to the untreated control, and 

10% methanol concentrations but not compared to the other Citrus-based treatment’s 

concentrations of 300 ppm and higher: the 100 and 200 ppm concentrations of LO, 

200 and 300 ppm concentrations of LIO and 200 ppm of LJ. 

 



173 
 

Figure 5.3A: Percentage immotile second-stage juveniles (J2) of Meloidogyne incognita at different concentrations (100 to 1,000 ppm) of Citrus-fruit based 

juices and oils under in vitro conditions 24 h after incubation. SA = salicylic acid; Methanol = 10% methanol; DW = distilled water; LJ = lemon juice; LO = 

lemon oil; OJ = orange juice and lime oil = LIO.

24 h 



174 
 

Figure 5.3B: Percentage immotile second-stage juveniles (J2) of Meloidogyne incognita at different concentrations (100 to 1,000 ppm) of Citrus-fruit based 

juices and oils under in vitro conditions 48 h after incubation. SA = salicylic acid; Methanol = 10% methanol; DW = distilled water; LJ = lemon juice; LO = 

lemon oil; OJ = orange juice and lime oil = LIO.

48 h 



175 
 

 

 

Figure 5.3C: Percentage immotile second-stage juveniles (J2) of Meloidogyne incognita at different concentrations (100 to 1,000 ppm) of Citrus-fruit based 

juices and oils under in vitro conditions 72 h after incubation. SA = salicylic acid; Methanol = 10% methanol; DW = distilled water; LJ = lemon juice; LO = 

lemon oil; OJ = orange juice and LIO = lime oil.

72 h 
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Table 5.2: LC50 values and relative toxicity of liquid, Citrus fruit-based amendments for second-stage juveniles (J2) of Meloidogyne 

incognita 24, 48 and 72 h of incubation.  

 (Y= Probit kill, X=Log dosage), Regression equation mortality based on 6 replicates each with 100 J2 of M. incognita. Rank is the position of the treatment 

relative to its toxicity. 

 

 

 

 

 

Treatments 

24 h 48 h 72 h 

LC50 

ppm 

Heterogyneity 

(R2) 

Regression 

equation 

Relativ

e 

toxicity 

Rank LC50 

 

Heterogyneit

y (R2) 

Regression 

equation 

Relativ

e 

toxicity 

Rank LC50 

 

Heterogyneity 

(R2) 

Regression 

equation 

Relative 

toxicity 

Rank 

Orange  

juice 

63.09 0.77 Y=7.63x+0.17 100 1 112.21 0.72 Y=10.52x-2.73 75.84 2 93.32 0.79 Y=11.08x-3.41 100 1 

Lemon  

juice 

152.41 0.74 Y=4.90x-5.72 41.39 2 144.54 0.78 Y=12.40x-4.61 58.88 3 165.19 1.00 Y=5.09x-6.29 56.49 3 

Lemon  

oil 

161.43 0.78 Y=12.42x-4.80 39.08 3 85.11 0.77 Y=8.78x-1.03 100 1 93.75 0.75 Y=3.63x-2.16 99.54 2 

Lime  

oil 

389.04 1.00 Y=6.92x-12.93 16.21 4 275.42 0.99 Y=19.01x-

11.82 

30.90 2 262.42 0.84 Y=19.31x-16.94 35.56 4 
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Probit results of the effect of citrus oils and juices, including LC50 values were 

calculated for each treatment (Table 5.2).The orange juice exhibited strong 

nematicidal activity against M. incognita J2, with the lowest LC50 at 24, 48 and 72 h 

exposure periods compared to the lemon juice, lemon oil and lime oil (Table 5.2). No 

J2 mortality was observed in the control treatments (distilled water and 10% 

methanol). Orange juice ranked the highest (100%) in terms of relative toxicity, 

followed by lemon oil (99.54%), lemon juice (56.49%) and lime oil (35.56%) (Table 

5.2). 

5.3.3. Recuperation of second-stage juveniles (J2) of Meloidogyne incognita  

The J2 remained immotile for some concentrations of Citrus-based treatments, namely 

LJ, LO, OJ as well as SA when evaluated 96 h after incubation and dilution of the 

experimental concentrations. 

All treatments at lower concentrations (100 ppm of LIO, LO, LJ and OJ, 200 ppm of 

LIO, LJ and OJ) allowed recuperation of J2, with 20-100% of the J2 being motile, 

differing significantly from those of 300-1000 ppm concentrations as well SA with zero 

J2 recuperation (Fig. 5.3D). These treatment’s concentrations hence resulted in a 

significantly (P≤0.05) higher percentage of J2 motility compared to all concentrations 

of the untreated control (DW) and 10% methanol. 

The lime oil was not effective at 100 ppm concentration but showed a more than 50% 

J2 immotility at 200 ppm concentration (Fig. 5.3B) and higher after 72 hours (Fig. 

5.3C). However, the J2 motility was reversible at 100 and 200 ppm concentration after 

96 hour exposure when diluted with water (Fig. 5.3D). 
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Figure 5.3D: Percentage motile second-stage juveniles (J2) of Meloidogyne incognita at different concentrations (100 to 1,000 ppm) of Citrus-fruit based 

juices and oils under in vitro conditions 96 h after incubation. SA = salicylic acid; Methanol = 10% methanol; DW = distilled water; LJ = lemon juice; LO = 

lemon oil; OJ = orange juice and LIO = lime oil. 
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5.4. Discussion 

The results of the in vitro bio-assays clearly demonstrate the adverse effects of the 

different concentrations of the Citrus fruit-based treatments during various exposure 

times on M. incognita J2 hatching and motility. The results of the in vitro efficacy of 

Citrus fruit-based juices and oils at least in part explain the performance of these 

organic amendments in controlling root-knot nematodes in the rhizospheres of tomato 

plants under glasshouse and field conditions (Chapters 2, 3 and 4). Most importantly, 

this part of the study also gives an indication of the concentration levels of the Citrus 

juice and oil extracts that should be aimed for when these compounds are prepared 

for further development as substances for the control of root-knot nematodes in crop 

production.   

All the tested Citrus-fruit-based juices (orange and lemon) and oils (lemon and lime) 

showed a high level of efficacy, at all concentration levels, in reducing J2 hatching, but 

interestingly their nematicidal potential in this regard (and under these circumstances) 

were not inversely proportional to their concentration levels. This is an indication of 

their superior efficacy to inhibit J2 hatching from low to high concentration levels when 

J2 were directly incubated in the compounds. Similar observations were reported by 

researchers; for example, Jardim et al. (2018) reported that the main component of 

cinnamon (Cinnamomum cassia L.) barks essential oil (E)-cinnamaldehyde resulted 

in statistically similar egg hatch inhibition of M. incognita despite being exposed to 

different concentrations (61-250 µg/ml) under in vitro conditions in Brazil. In India, 

Bharadwaj and Sharma (2007) reported that holy basil (Ocimum sanctum L.) hot water 

leaves extract resulted in 100% J2 hatch inhibition in all the different concentration 

levels (6.6 to 20%) tested. 

For the inhibtion of J2 motility, all the Citrus-based juice and oil concentrations from 

300-100 ppm were highly effective as was evident for the longest incubation time (72 

h). However, the 200 ppm concentrations of LJ, LO and OJ were also effective in 

causing between 50-80% inhibition of M. incognita J2 motility, demonstrating their 

adverste ability to inactivate J2 movement. The nematicidal potential with regard to J2 

mortality was directly proportional to the concentration of the product, with the higher 

the concentration, the higher the nematicidal effect although the concentrations of 500-

1,000 ppm reacted similarly. 
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The ability of Citrus fruit-based amendments in suppressing nematodes used in the 

present study is verified by previous reports that showed the efficacy of other fruit 

extracts on root-knot and other plant-parasitic nematodes (Tsai, 2008a, b; Abolusoro 

et al., 2010; Mukesh and Sobita, 2013; Manneh et al., 2016; Ozdemir and Gozel, 2017; 

Regaieg et al., 2017; Akhter et al., 2018; Maareg et al., 2018; Varade and Dama, 

2018). Tsai (2008a) observed that the nematicidal activity was very low in all the 

extracts of fresh peels but was greatly enhanced in the extracts of stored pulpified 

peels of lemon, orange and grapefruit showing 90.8%, 93.5% and 85% J2 mortality, 

respectively, of M. incognita in in vitro studies conducted in Taiwan. Tsai (2008b) 

studied the effect of cranberry (Vaccinium oxycoccus Hill A. Gray) and pineapple 

(Ananas comosus L.) juice in vitro on the root-lesion nematode species Pratylenchus 

coffeae Goodey, 1951 in Taiwan. Cranberry juice resulted in 100% mortality of J2 and 

male; 94% of females and 99% of third- and fourth-stage juveniles (J3+J4) after 96 h 

exposure period. The canned pineapple juice was completely ineffective in killing P. 

coffeae specimens, but fresh pineapple juice treatments resulted in 89.5% J2 

mortality. Manneh et al. (2016) reported that an aqueous extract of fresh orange peel 

resulted in the highest J2 hatching inhibition (87.8%) and J2 mortality (94.8%) of an 

unspecified root-knot nematode species in Ghana under laboratory conditions. Osei 

et al. (2011) reported that the citrus waste cold aqueous extract gave a significant J2 

hatching inhibition (93%) at the highest concentration (10%) after 72 h observation 

compared to the distilled water. In contrast, Zouhar et al. (2009) reported low 

nematicidal activity of essential oils from lemon (C. limon) and lime (C. aurantifolia) 

applied at 7,500 ppm concentration in vitro on mortality of the stem nematode 

Ditylenchus dipsaci Kuhn, 1857 and Filipjev1936 after 6 h of exposure. 

The observed nematotoxic effects of all the Citrus fruit-based amendments used in the 

in vitro bio-assays in the present study may be due to the presence of nematicidal 

chemical components that affect M. incognita J2 hatching and motility. For example, 

limonene has been identified as the main component in orange (C. sinensis), lemon 

(C. limon), mandarin (C. reticulata) and grapefruit (C. paradisi) involved in plant 

defense, repelling pests and pathogens, and attracting insects for herbivore control 

(Kirbaslar and Ismail, 2006; Qiao et al., 2008; Viuda-Martos et al., 2009; Rodriguez et 

al., 2011). Echeverrigaray et al. (2010) reported that limonene when applied at a rate 

of 250 mg/liter inhibited M. incognita J2 hatching by 71.2% and J2 motility by 97.6% 
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in an in vitro  bio-assay in Brasil. Oka et al. (2000) reported that an essential oil of 

caraway (Carum carvi L.) contained 48% limonene and when applied at a rate of 1,000 

µl/liter resulted in 100% immotility of M. javanica J2 and an 0.5% inhibition of J2 

hatching in in vitro bio-assays in Israel. Abolusoro et al. (2010), observed that sweet 

orange peel is toxic to M. incognita by inhibiting J2 hatching and causing high mortality 

of J2 at 50-100% concentrations in Nigeria. These authors also observed that citrus 

peel contained saponins, tannins and flavonoids complementing results of a study by 

Wuyts et al (2006) that showed that  flavonols kaempferol, quercetin and myricetin 

inhibited M. incognita J2 hatching, and repelled and slowed the movement of J2 in in 

vitro bio-assays. Maistrello et al. (2010), reported that an aqueous solution obtained 

from chestnut wood (Castanea sativa Mill.) rich in tannin substantially reduced J2 

hatching of M. javanica in vitro in Italy. Hewlett et al. (1997) reported from in vitro 

nematodes behaviour experiments that 87% and 77% of Meloidogyne arenaria (Neal, 

1889) Chitwood, 1949  and M. incognita J2, respectively, were present in the attractive 

zone as compared to 13% and 23%, respectively in the repellent zone, when exposed 

to tannic acid treatment. The motility of M. incognita J2 was also significantly reduced 

by exposure to eight different steroid and triterpenoid saponins from plants related to 

asparagus (Asparagus officinalis L.) (Chidwood, 2002). 

The 200–1,000 ppm concentrations of all the Citrus fruit-based amendments used in 

the present study resulted in more than 50% J2 immotility of the M. incognita 

population used after 24 h, while 90-100% J2 immotility rates were evident from the 

300-1,000 ppm concentrations after 72 h. These findings show the superior 

phytonematicidal activity as compared to findings by other researchers who evaluated 

similar fruit-based amendments against root-knot nematode species (Abolusoro et al., 

2010; Sardari et al., 2014). Andres et al. (2012) reported an increase in the rate of 

mortality of root-knot nematodes when using essential oils of C. sinensis. The 

nematicidal activity of some citrus extracts on M. incognita race 2, were also examined 

by Varade and Dama (2018) in India where orange (C. sinensis) extract caused M. 

incognita J2 mortality of 62% after 24 h of exposure.  

The body form of the J2 exposed to Citrus fruit-based juices and oils did not differ from 

those exposed to salicylic acid (SA), being straight and rod shaped. This observation 

suggests that the nematicidal mode of action of the citrus oils and juices could be the 
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same as that of the salicylic acid. In the present study, the application of lemon and 

orange juice, and lemon oil was most effective in inhibiting M. incognita J2 hatching 

and motility. Although the main active compounds of these treatments have not been 

determined, results from this study suggests that the Citrus fruit-based juices and oils 

tested have a potential for use in nematode control. Further experiments are needed 

to evaluate the economic aspects and nematicidal activity under in vitro and in vivo 

conditions with other nematode pest species that parasitize high value crops and that 

such research should be expanded to field studies in different climatic zones and soil 

types. It will also be necessary to identify and charactarize the nematotoxic 

compounds, and determine their mode of action before they can be included in IPM 

systems to keep nematode pest densities below damage threshold levels. 
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Chapter 6 

Summary, conclusions and suggestions for future research 

This study focused on the potential of fruit-based citrus organic wastes as control 

agents of root-knot nematodes (RKN) (Meloidogyne spp.) applied as soil amendments 

in soil where tomato has been grown. Root-knot nematodes were identified as the 

predominant group of plant-parasitic nematodes occurring in high population densities 

on vegetable production in SA (Jones et al., 2017) in surveys conducted in 

Mpumalanga, Kwazulu-Natal and North-West provinces (Mashela et al., 2017). 

Several vegetable gardens were abandoned due to high root-knot nematode 

infestations. Control of nematode pests worldwide is largely based on chemicals 

(Mazhar et al., 2002; Reddy et al., 2013; Jones et al., 2017; DAFF, 2018). For 

emerging farmers who cannot necessarily read instruction manuals on the labels, 

pesticides can cause immediate or slow chronic health effects e.g. damage to the 

lungs, eyes and skin (Rother and Jacobs, 2016). The inherent toxicity of pesticides 

and their ability to persist in nature (soil and water) represents a substantial safety 

hazard to humans and non-target animals and a grave source of environmental 

contamination (Ferraz and Brown, 2002). In addition, the high cost and toxicity of many 

pesticides make their use by subsistence farmers too expensive and dangerous 

(Akhtar and Malik, 2000; Ferraz and Freitas, 2004). The main objective of this study 

was to determine the effects of citrus–based organic amendments in reducing the 

Meloidogyne spp. population densities and plant growth enhancement of tomato in 

integrated rural farming systems. Thus, the specific objectives were to asses: 

I) the efficacy of pit composting organic amendments in reducing Meloidogyne 

spp. population levels as well as its effects on the yield of vegetable crops in in vivo 

experiments, 

II) the effect of Citrus spp. oils, juices and powder fruit-based amendments in 

reducing nematode population and enhancing plant growth and yield in both 

glasshouse and field experiments, 

III) the effect of Citrus spp. juices and oils on the hatching and motility of 

Meloidogyne incognita second-stage juvenile (J2). 

This research was conducted in response to the growing need for the development of 

low-input, environment-friendly and sustainable strategies for managing nematode 
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pest population densities to below damage threshold levels in vegetable gardens in 

the rural farming sector of SA. The study commenced with the evaluation of organic 

amendments and pit-composts under field conditions (see Chapter 2). The first trial 

evaluated different organic amendments which included: chicken manure, cattle 

manure, compost and mixed pit-composts. Although inconsistent in terms of reducing 

densities of a mixed Meloidogyne incognita (Kofoid and White, 1919) Chitwood, 1949 

and Meloidogyne javanica (Treub, 1885) Chitwood, 1949 community in the present 

study, findings of the first trial from two consecutive years on the evaluation of organic 

amendments for nematode control, demonstrated the ability of some amendments to 

be used as valuable components in an integrated pest management (IPM) approach. 

The potential value of these soil amendments particularly that of mixed pit-compost 

which resulted in 96% reduction in egg and J2 numbers and the shrub-pruning pit 

compost in 80% reduction with an increase in yield was demonstrated. On the contrary 

the chicken and cattle manure resulted in an increase in nematode numbers, however, 

they also resulted in yield increases. This first part of the organic amendments 

screening gave an indication that pit-compost may provide solutions to local tomato 

growers where nematode problems prevail.  

The second trial evaluated the different pit-compost treatments. The potential of citrus 

fruit pit-compost, vegetable pit-compost, orange pit-compost, leaf pit-compost and 

shrub-pruning pit-compost, for use by especially small-scale producers was 

demonstrated as a result of their ability to reduce Meloidogyne spp. densities in soil 

by more than 90% when compared to the untreated control. The different pit-composts 

used in this study that constituted of orchards wastes of leaves, fruits, paper and 

weeds resulted in reducing soil population densities of Meloidogyne spp. and 

increased yields. The use of soil amendments applied as pit-composts for nematode 

management because of the current study is reported for the first time, showing that 

the plant-based amendments evaluated had mostly a superior effect in terms of 

reducing Meloidogyne spp. densities, and generally a positive effect on crop yield. In 

many vegetable production systems worldwide, problems due to plant-parasitic 

nematode parasitism are symptomatic of unsustainable production practices that rely 

heavily on the use of synthetic pesticides and fertilisers (Jones et al., 2017). Organic 

amendments such as the ones used in this study including pit-composts can reduce 

the reliance of producers on toxic synthetically-derived products to combat nematode 
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pests and have value for especially subsistence farmers worldwide. An important 

finding from this study was that the pit-compost technique, especially the use of waste 

citrus fruits can offer a promising nematode management alternative in reducing 

Meloidogyne spp. densities and enhancing tomato yield in local tomato production. 

Hence, the materials are available in orchards and they normally are left unused since 

they are regarded as rotten or poor quality fruits. Their use will reduce Meloidogyne 

spp. population densities substantially and will enable the small-scale farmers to 

produce better yields.  

Chapters 3 and 4 dealt with the evaluation of fruit-based Citrus spp. oils, juices and 

powder on M. incognita under glasshouse conditions and under field conditions. The 

study commenced with the evaluation of juice, powder and oil amendments of Citrus 

spp. for the control of M. incognita on tomato under glasshouse conditions over two 

seasons (Trial 1). Amendments included in the trial were orange (Citrus sinensis L. 

Osbeck) oil and juice, lemon (Citrus limon L. Osbeck) oil and juice, mandarin (Citrus 

reticulata Blanco and C. Unshiu) juice, lime (Citrus aurantifolia Christm and Panzer) 

oil and grapefruit (Citrus paradisi Macfad) juice. The study showed that orange powder 

(0.6 and 1.3) and lime oil (1.8 and 1.4) consistently had low reproductive factor (Rf) 

values in both seasons. The rest of the treatments had higher Rf values, with the 

orange oil having the highest Rf value (16.5). The inability of the orange oil and lemon 

oil to suppress reproduction of M. incognita in both seasons of the present study are 

in contrast with a report by Shawky et al. (2010). The results of this study demonstrated 

a substantial reduction in M. incognita population densities under glasshouse 

conditions following the application of citrus oils, with the orange powder and lime oil 

treatments as superior amendments in the glasshouse. With regards to plant growth, 

significant increases in plant height ranging from 38% (orange powder) to 49% (orange 

juice and orange oil); shoot mass fluctuating from 62% (orange powder) to 74% 

(orange juice); and root mass varying from 33% (orange powder) to 74% (orange juice) 

were observed in this study under glasshouse conditions.  

The results of this study furthermore showed that the soil treatment with different Citrus 

spp. juices i.e. lemon, mandarin, orange, and grapefruit juice on M. incognita under 

glasshouse conditions significantly affected M. incognita population densities and root 

gall index (RGI) values for all the juices compared to the untreated control. Although 
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the lemon juice was the most effective with consistently lower Rf (˂1) values in both 

seasons of the trial, the other juices were also effective to a lesser degree and were 

still superior to the control. All the juices resulted in improved plant growth with the 

orange juice being the most effective with an up to 82% increase in yield. The orange 

and the lemon juice treatments were further tested using different concentrations and 

the results showed that they both significantly lowered the Pf of M. incognita while 

higher concentrations of orange juice enhanced plant growth. Citrus-based juices and 

oils used in all trials in this present study showed potential, based on their nematicidal 

activity, for inclusion in an IPM strategy. This is based on the ability of some of these 

treatments to reduce M. incognita population densities substantially, while others 

improved plant growth of tomato. Results obtained from these glasshouse trials 

therefore justify further evaluation, of especially those treatments that showed superior 

nematicidal efficacy coupled with improved plant growth, under natural occurring field 

conditions.  

The same Citrus spp. amendments were tested under field conditions conducted over 

two consecutive winter-growing seasons to determine their effect on Meloidogyne spp. 

and free-living nematodes. In the first trial, significant reduction in Pf (73%) was 

observed for the rhizosphere soil treated with orange juice compared with the 

untreated control. However, in the roots only the orange oil substantially reduced Pf 

(18%) in the first season. In the second season, although lemon oil was most effective 

in reducing root-knot nematodes with (99%) in the rhizosphere soil, the others citrus-

based amendments also decreased the Pf by 83% and more compared to the 

untreated control. Substantial increases in free-living nematodes of up to 175% as a 

result of applying the orange juice treatment were observed in the second season 

compared to no increase in the first season.  

The results of the 1st trial differed considerably between 2016 and 2017. Citrus oils 

(derived from lemon, orange and lime peels) had a very low nematicidal activity in the 

rhizosphere soil in 2016 compared to 2017 when substantial reductions in root-knot 

nematodes population densities were evident. For the 2nd trial, when considering both 

years, the application of lemon juice resulted in a significant reduction (97%) of 

Meloidogyne population densities in 2017 in the rhizosphere soil compared to the 

untreated control. Despite treatments not differing significantly in 2016, the treatment 
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with the juices in 2017 resulted in pronounced reductions of the root-knot nematode 

numbers which were comparable to the cadusaphos and oxamyl treatments. 

An important finding from this study with Citrus spp. fruit-based amendments under 

glasshouse and field conditions, was that the treatments with the juices, oils and 

powder resulted in either pronounced reductions of the root-knot nematode numbers 

or increased yield which were comparable with the cadusaphos and oxamyl 

treatments. However, the efficacy was inconsistent as a result of the present study 

agreeing with the findings of Thoden et al. (2011). This gave rise to the hypothesis that 

interactions among a multitude of factors may contribute to the latter scenario, 

including the dosages of the organic soil amendments, number of application, 

chemical characteristics of different products and their mode of action, soil infestation 

levels and community structures of nematodes. Results from the present study 

therefore add to the database of the utilization of biopesticides for the control of root-

knot nematodes, as has been reported by many researchers (Oka et al., 2000; 

Kimpinski et al., 2003; Park et al., 2005; Siddiqi et al., 2007; Abolusoro et al., 2010; 

Mashela et al., 2010; Henneron et al., 2015; Atandi et al., 2017; EI-Nagdi et al., 2017). 

Extensive research should follow to investigate the possibilities to optimize the use of 

citrus-based amendments in fields of producers specifically in terms of improved plant 

growth and yields. The comparative superior efficacy of lemon oil, lemon juice, orange 

juice and lime oil over the other citrus-based soil amendments tested in the glasshouse 

and field studies in the suppression of Pf numbers of Meloidogyne spp. provided 

motivation for further testing of these materials under in vitro bioassay studies. 

Chapter 5 dealt with the effect of juices and oils of Citrus spp. on the hatching and 

motility of M. incognita second-stage juveniles (J2). The results of this study confirmed 

that the citrus-based amendments are toxic to J2 of M. incognita. This part of the study 

also gave an indication of the concentration levels that should be used when preparing 

the juices and oils for further development. Comparative LC50 values in this study gave 

an indication that the similar mode of action might be involved in terms of exposure 

time and J2 inhibition. All the Citrus fruit-based amendments resulted in more than 

50% mortality at the 200–1000 ppm concentrations after 24 h. These findings show 

the very high phytonematicidal activity as compared to findings by other researchers 

(Abolusoro et al., 2010; Sardari et al., 2014). In the recuperation tests, only the lower 
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concentrations of the citrus juices and oils (100-200 ppm) were less effective and their 

effect was reversible after the addition of water, whereas J2 in the higher 

concentrations (300-1000 ppm) remained immotile. In the present study, the 

application of lemon and orange juice, and lemon oil was effective in the management 

of M. incognita as result of significant J2 hatch inhibition and motility. However, the 

specific mode of action of the nematotoxic substances in the juice and oil amendments 

is still not known. Although their main components have not been determined, this 

study suggests that Citrus fruit-based juices and oils evaluated during the study have 

potential for use in nematode control.  

A considerable amount of Citrus fruit goes to waste due to abiotic and biotic 

constraints. Such waste fruits can rather be recycled by using it for its nematicidal 

effects. Many small-scale farmers in the subtropical regions of SA have Citrus fruit 

trees growing in their orchards, therefore rotten or low quality fruits can be used for 

pit-composting or as extracts and contribute towards improved yields and reduction of 

nematode pest population densities. Knowledge generated from this study is of great 

value especially for small-scale farming systems. Local small-scale farmers will benefit 

from this study by means of technology transfer and on-farm demonstration trials 

regarding the effect of fruit-based amendments on nematode pests. Further 

experiments are needed to evaluate the economic aspects and nematicidal activity of 

the fruit amendments under in vitro and in vivo conditions with other nematode species 

affecting high value crops and in different soil types. It will also be necessary to identify, 

characterize the nematotoxic compounds and determine their mode of action before 

they can be included in an IPM and commercial farming systems. 

 

 

 

 

 

 



195 
 

6.5. References 

Abolusoro, S.A., Oyedunmade, E.A. and Olabiyi, T.I. 2010. Evaluation of sweet orange 

peel aqueous extract (Citrus sinensis) as root-knot nematode suppressant. 

Journal of Tropical Agriculture, Food, Environment and Extension, 9 (3):170-175. 

Akhtar, M. and Malik, A. 2000. Roles of organic soil amendments and soil organisms 

in the biological control of plant-parasitic nematodes: A review. Bioresource 

Technology, 45:1-7. 

Atandi, J.G., Haukeland, S., Kariukia, G.M., Coyne D.L., Karanja, E.N., Musyoka, 

M.W., Fiaboe, K.K.M., Bautze, D. and Adamtey, N. 2017. Organic farming 

provides improved management of plant parasitic nematodes in maize and bean 

cropping systems Agriculture. Ecosystems and Environment, 247:265–272. 

DAFF. 2018. South African Maximum residue lists on vegetables. Department of 

Agriculture, Fisheries and Forestry. Pretoria, South Africa. 

El-Nagdi, W.M.A., Hafez, O.M. and Taha, R.A. 2017. Efficiency of jojoba oil and bio-

nematicide on Meloidogyne incognita and performance of flame seedless 

grapevine cuttings. Agricultural Engineering International: CIGR Journal, Special 

issue, pp. 118-124. 

Ferraz, L.C.C.B. and Brown, D.J.F. 2002. An introduction to nematodes: plant 

nematology 1st edition. Pensoft, Sofia, Moscow, pp 1-236. 

Ferraz, S. and Freitas, L.G. 2004. Use of antagonistic plants and natural products. In: 

Chen, Z.X., Chen, S.Y. and Dickson, D.W. (Eds.), Nematology – Advances and 

Perspectives, Vol. II. CAB International, Wallingford, United Kingdom, pp. 931-

977. 

Henneron, L., Bernard, L., Hedde, M., Pelosi, C., Villenave, C., Chenu, C., Bertrand, 

M., Girardin, C. and Blanchart, E. 2015. Fourteen years of evidence for positive 

effects of conservation agriculture and organic farming on soil life. Agronomy for 

Sustainable Development, 35:169-181. 

Jones, R.K., Storey, S.G., Knoetze, R. and Fourie, H. 2017. Nematode pests of potato 

and other vegetable crops, In: Fourie, H., Spaull, V.W., Jones, R., Daneel, M.S. 



196 
 

and De Waele, D. (Eds.). Nematology in South Africa: A View from the 21st 

Century. Springer, Cham, Switzerland, pp. 231-260. 

Kimpinski, J., Gallant, C.E., Henry, R., Macleod, J.A., Sanderson, J.B. and Sturz, A.V. 

2003. Effect of compost and manure soil amendments on nematodes and on 

yields of potato and barley: A 7-year study. Journal of Nematology, 35 (3):289-

293. 

Mashela, P.W., Shimelis, H.A., De Waele, D. Mokgalong, M.N., Mudau, F.N. and 

Ngobeni, L.G. 2010. Fever tea (Lippia javanica) as a root-knot nematode 

suppressant in tomato production. African Plant Protection, 16:1-6. 

Mashela, P.W., Daneel, M.S., De Waele, D., Fourie, H., Khosa, M.C., Pofu, K.M. and 

Tefu, G.M. 2017. Alternative nematode management strategies, In: Fourie, 

H., Spaull, V.W., Jones, R., Daneel, M.S. and De Waele, D. (Eds.). Nematology 

in South Africa; A review from the 21st Century. Springer, Cham, Switzerland. pp. 

151-181. 

Mazhar, A.Q., Rao, S.A., Shah, G.S., Khanzada, A.L. and Khalid, I.R. 2002. Studies 

on Chemical Control of Plant Parasitic Nematodes Associated with 

Sugarcane Saccharum officinarum Linn. Plant Pathology Journal, 1:44-47. 

Oka, Y., Nacar, S., Putievsky, E., Ravid, U., Ynive, Z. and Spiegel, Y. 2000. 

Nematicidal activity of essential oils and their components against the root-knot 

nematode. Phytopathology, 90:710-715. 

Park, I.K., Park, J.Y., Kim, K.H, Choi, K.S., Choi, I.H., Kim, C.S. and Shin, D.C. 2005. 

Nematicidal activity of plant essential oils and components from garlic (Allium 

sativum) and cinnamon (Cinnamum verum) oils against pine wood nematode 

(Bursaphelenchus xylophilus). Nematology, 7 (5):767-774. 

Reddy, H.M., Fouad, A.F., Montasser, S.A., Abdel-Lateef, M.F. and El-Samadisy, A.M. 

2013. Efficacy of six nematicides and six commercial bioproducts against root-

knot nematode, Meloidogyne incognita on tomato. Journal of Applied Sciences 

Research, 9 (7):4410-4417.  



197 
 

Rother, H.A. and Jacobs, R. 2016. Pesticide health risks for South African emerging 

farmers. https://spp.org.za/wp-content/uploads/2016/07/pesticide Accesed {30 

April 2020.0}. 

Sardari, A.A., Hojat Jalali, A.A., Bahraminejad, S. and Safaee, S.B. 2014. Effect of 

plant extracts on the mortality of root-knot nematodes J2 Meloidogyne javanica. 

Archives of Phytopathology and Plant Protection, 48 (4):365-375. 

Shawky, S.M., Khalil A.E. and Manal, M.S. 2010. Non chemical control of root-knot 

nematode; Meloidogyne javanica on peanut in Egypt. Zagazig Journal of 

Agricultural Research, 37 (1):185-206. 

Siddiqi, A.A., Islam, S., Khan, A. and Shaukat, S.S. 2007. The effects of soil organic 

amendments on three plant-parasitic nematode species and yield of date palm 

(Phoenix dactylifera). Sarhad Journal of Agriculture, 23 (3):753-758. 

Thoden, T.C., Korthals, G.W. and Termorshuizen, A.J. 2011. Organic amendments 

and their influences on plant-parasitic and free-living nematodes: a promising 

method for nematode management? Nematology, 13:133-153. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://spp.org.za/wp-content/uploads/2016/07/pesticide%20Accesed%20%7b30%20April%202020.0
https://spp.org.za/wp-content/uploads/2016/07/pesticide%20Accesed%20%7b30%20April%202020.0


198 
 

1.  APPENDIX 1 

 

DECLARATION OF LANGUAGE EDITING 

Language editing statement 

TO WHOM THIS MAY CONCERN 

I, Prof. Hendrika (Driekie) Fourie, hereby declare that the thesis titled: “Evaluation of 

fruit-based amendments for the management of root-knot nematodes 

(Meloidgyne spp.) in tomato” by G Tefu has been edited for language correctness 

and spelling by the supervisors. No changes were made to the academic content or 

structure of this work. 

 

 

 

          21 May 2020 

 

Prof. Driekie Fourie                                                                   Date 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



199 
 

2. APPENDIX 2 

 

 

 

 



200 
 

 

 

 



201 
 

3.  APPENDIX 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 


