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Abstract of a Dissertation submitted in partial fulfilment of the 

requirements for the Degree of Master of Science in Food Innovation. 

by 

Vu Trong Tran 

Tomato is a vegetable/fruit consumed by people globally. Root-knot nematode (RKN) is one of the 

most important plant-parasitic nematodes which has caused the crop yield loss of tomato production 

and many other agricultural products worldwide. A 45-day study was conducted in a glasshouse 

environment to test the host status of five common tomato cultivars (Tomato Marmande, Russian Red, 

Black Cherry Striped, Oxheart, and Black from Tula) to RKN. The experiment was conducted with eight 

replicates of five cultivars, with and without exposure to RKNs (by infesting the soil with 2,500 RKN 

eggs per pot). The influence of  RKN to inoculated plants were compared with uninoculated control 

plants by measuring the (i) plant height and number of branches, measured weekly, (ii) Shoot and root 

biomass, (iii) root gall index, and (iv) the number of RKN eggs on each root system measured on days 

28 (five replicates) and 45 (three replicates). The results showed that four of the cultivars tested 

(Tomato Marmande, Russian Red, Oxheart, and Black from Tula) were susceptible to RKN and all their 

development factors were affected by the RKNs and clearly showed root-knots and nematode eggs in 

the root systems. Among these, Tomato Russian Red was the most susceptible and was significantly 

damaged by the RKN. Tomato Oxheart was the best host for RKN reproduction. In contrast, in the test 

plants of cultivar 3 (Tomato Black Cherry Striped), RKN and RKN eggs in the root system were absent.  

The plant height, number of branches and root biomass were higher in the C3 test plants compared 

with the respective controls. All these indices indicated that the Tomato Black Cherry Striped (cultivar 

C3) was fully resistant to RKNs. A surprising result was that the physical development of plants from 

this cultivar was better in the presence of the RKN than in the corresponding uninoculated control. The 

increase in yield of the Tomato Black Cherry Striped cultivar even in root-knot infested soil is a new 

finding. This result would be useful for both commercial tomato farmers and home gardeners since 

they would be able to plant this cultivar in heavily RKN infested soils. This approach will enable the 

growers to utilize limited to no nematicides and thereby promoting the clean green image of NZ and 

thus boosting the export of NZ trade even further.   

 

Keywords: root-knot nematode, resistance, Meloidogyne spp., positive impacts. 
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Chapter 1 

Introduction 

New Zealand (NZ) is a clean and green country with a population density of approximately 18 people 

per square kilometre ("New Zealand Population 2020," 2020). Many have spacious gardens. So, some 

residents have space for planting vegetables/fruits in the home garden. Tomato is one of the most 

common vegetable/fruit planted in the home gardens worldwide. Unfortunately, tomato plants are 

susceptible to a wide range of pests and diseases (Walls, 1989). One pest type is RKNs. It was first 

recognized around 100 years ago, but there are only a few studies done in NZ with available literature 

(Bell et al., 2006). 

Traditionally, the primary control method of RKNs is by the application of nematicides, but some of 

them have been recently banned due to the environmental and health concerns (Starr, Bridge, & Cook, 

2002). Besides, from a home garden viewpoint, the application of chemical nematicides should always 

be avoided so that fresh, uncontaminated vegetables could be used for home use. However, the ‘home 

gardeners’ are not aware of the potential damage the RKNs can cause to home garden tomato plants. 

Therefore, it is vitally important to improve our understanding of RKN damage and examine possible 

alternative solutions to protect the home garden tomato plants from RKN damage. 

1.1 Research aim 

This research aimed to compare the host status of different commercial tomato cultivars to the RKN 

Meloidogyne spp. infection and identify the most root-knot nematode-resistant cultivars. The use of 

nematode-resistant varieties could help reduce the usage of nematicides by farmers and home 

gardeners and also would help in promoting the clean green image of NZ. 

This research will also provide information on the impact of RKNs on tomato growth and raise the 

attention of scientists to develop strategies to mitigate RKN damage sustainably. 

1.2 Objectives 

Evaluate the effects of RKN Meloidogyne spp. on the growth of five tomato cultivars based on the: 

- Growth in height and the number of branches; 

- Increase in shoot and root weights; 
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- Identification of knotted damage of roots by estimating root gall indices; 

- Evaluation of the reproduction ability of RKNs on the host root system. 

1.3 Hypotheses 

1.3.1 Hypothesis 1 

H01: There is no significant difference between the growth of control and nematodes inoculated 

tomato plants in each cultivar. 

HA1: There is at least one significant difference between the growth of control and nematodes 

inoculated plants in each tomato cultivar. 

1.3.2 Hypothesis 2 

H02: There is no significant difference between the growth of nematodes inoculated plants in all tomato 

cultivars. 

HA2: There is at least one significant difference between the growth of nematodes inoculated to tomato 

plants in all cultivars. 

1.3.3 Hypothesis 3 

H03: There is no significant difference between the growth of control plants in all tomato cultivars. 

HA3: There is at least one significant difference between the growth of control plants in all tomato 

cultivars. 

1.3.4 Hypothesis 4 

H04: There is no significant difference between the reproduction capacity of RKNs on the root systems 

of five tomato cultivars. 

 HA4: There is at least one significant difference between the reproduction ability of RKNs on the root 

systems of five tomato cultivars. 
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Chapter 2 

Literature Review 

2.1 Global tomato production 

Tomato is one of the most common vegetables consumed by people as fresh and processed products 

with the global fresh tomato amounting to more than 180 million metric tonnes in 2017 (FAOSTAT, 

2017). Total tomato production has increased by approximately 30% during the last decade. By 

November 2019, more than 37 metric tonnes of tomato were processed into many types of tomato 

products, an increase of approximately 7% compared to the end of 2018 (Colvine & Branthôme, 2019). 

The growing trend of tomato production has occurred worldwide but has markedly increased in recent 

years due to the high demand for food production because of the ever-growing world population 

(Branthôme, 2019).  

China, India, Mexico and the United States of America (USA) are the highest tomato producers, and in 

2017, China, India, and the USA produced approximatly 50% of the total world production (FAOSTAT, 

2017). However, the Netherlands and Belgium were the most efficient production countries with their 

yield 50.8 and 49.6 kg/m2 land, respectively (FAOSTAT, 2017). Among the three highest producing 

countries, tomato plantations in China and India accounted for about 1.03 million and 800,000 

hectares, respectively. In terms of the tomato yield, China ranked 45 (5.8 kg/m2), India ranked 87 (2.6 

kg/m2) and the USA 19 (8.6 kg/m2). 

In a global basis, a variety of tomato cultivars are grown for fresh market produce and also for 

processing using a variety of cultivating methods (Heuvelink, 2005). Tomatoes for processing are 

mostly cultivated in open fields, not necessary to have trellis and stakes for support and usually 

harvested by machinery. For selling as fresh, tomatoes are often grown in greenhouses, require 

trellising and stacking to support plants and are excellent quality of fresh fruit usually harvested by 

hand. The requirements of tomato varieties for processing and the fresh market is somewhat different. 

While the tomato industry requires the uniform in size and ripening, tough skins, and high soluble solid 

content for processing, the fresh-market demands can be diverse based on the consumer demands in 

different countries (Heuvelink, 2005). 

Nowadays, the economic life of tomato cultivars is short due to the rapid growth and ripening of new 

cultivars and many also possess resistance to pests and diseases (Davis, Pernezny, & Broome, 2012). 

Although plenty of tomato cultivars are grown around the world, there is virtually no single variety or 

group of them that can be considered dominant, and are now often replaced by novel cultivars. The 



 4

diversification of tomato cultivars is considerable for the fresh-market section with a wide range of 

fruit from sweet-tasting cherry to large beefsteak with different colours, flavours, sizes and shelf-lives 

(Heuvelink, 2005). The British Tomato Growers’ Association has classified five common fresh-market 

tomato types (Table 2.1). 

Table 2.1 The common types of fresh-market tomatoes adopted from (Heuvelink, 2005; 
"Tomato types," 2019). 

Tomato type Size Characteristics Consumption 

Classic round 
tomatoes 

47-67 mm 
70-100 g 

 Most popular varieties 
 2-3 locules 

 Salads, grilled, 
baked, frying or 
soups or sauces 
making 

Cherry and cocktail 
tomatoes 

16-25 mm 
10-20 g 

 Sweet 
 Cherry tomatoes are smaller 

than cocktail ones. Most 
varieties are red, and some are 
golden, yellow, or orange 

 Cocktail tomatoes are mostly 
marketed attached to the stem 
(‘on the vine’) 

 Eaten fresh or 
cooked 

 Salads, grilled, baked 

Plum and baby plum 
tomatoes 

Oval 
shape, 

plum size 

 Firm flesh, less juicy in the 
centre 

 Baby plum tomatoes are smaller 

Barbecue, making 
pizzas and pasta 

Beefsteak tomatoes 180-250 g  More than 5 locules 
 Plenty of varieties 
 Vary in shape, colour, texture 

and flavour 

 Used for stuffing and 
baking whole 

 Sliced for salads and 
sandwiches 

Vine or truss tomatoes   May be one of the above types 
but are sold with a stem 
attached to the fruit 

 When the stem is attached, it   
gives the best tomato flavour 
compared to the ones with fruit 
only 

 

2.2 Global economic importance of tomato 

From an economic aspect, tomato is one of the most important agricultural products with an annual 

global market value of approximately US$ 240 billion or nearly 6.5% global agricultural gross 

product(FAOSTAT, 2017; Plecher, 2019; Workman, 2019; WorldBank, 2018). Tomato farming 

contributed more than 30% of the agricultural gross domestic product in Egypt and Turkey in 2017 

(FAOSTAT, 2017; Plecher, 2019).  

From an export market viewpoint, European countries exported the most tomatoes with and annual 

revenue of around US$ 4.3 billion or 45% global exports. Mexico is the best single exporting country 

Image removed for Copyright compliance 
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with shipments worth approximately US$ 2.3 billion accounting for nearly 24% of worldwide exports 

(Workman, 2019) and 14% of its agricultural gross domestic product (FAOSTAT, 2017; WorldBank, 

2018). 

Global tomato market still has a lot of opportunities for tomato producing countries. The United States, 

one of the top global tomato producer, still had an export deficit of around US$ 2.2 billion in 2018 and 

is continuously increasing (Workman, 2019). 

2.3 Tomato production in New Zealand 

Tomato is one of ten essential vegetables produced in NZ with an annual volume of 102,900 tonnes in 

2016 (HorticultureNZ, 2017) which slightly dropped to 95,400 tonnes in 2018 (Fresh Facts 2018). 96% 

of tomatoes produced in NZ, supply for the domestic market for consumption as fresh fruit or 

processed, while only 4% are exported (Fresh Facts 2018). A vast majority of tomatoes in NZ are 

supplied from the North Island, mainly Auckland 39% and Waikato 28% (HorticultureNZ, 2017). In 

2018, 53,000 tonnes of tomato was harvested from 408 hectares from field production with a yield of 

approximately 13 kg/m2 and 42,400 tonnes and 120 hectares of greenhouses with a  yield of 35.3 kg/m2 

(Fresh Facts 2018). 

The economic value of tomato production in NZ in 2018 was about NZ $ 209 million, including an export 

value of approximately NZ $ 13 million (Fresh Facts 2018). Greenhouse tomatoes of NZ are mostly 

exported as fresh while outdoor ones shipped as processed.  

2.4 Diseases and pests of tomato 

Diseases and pests are two main limiting factors in tomato production which include more than 200 

known infectious diseases and a vast number of pests that directly affect the tomato yield (Jones, 

Zitter, Momol, & Miller, 2014). Diseases develop and damage host plants by many virulent pathogens 

such as fungi and oomycetes, bacteria and phytoplasmas, viruses and viroids, nematodes, and, while 

pests are phytophagous species which attack the root, stem, petioles, leaves and reproductive parts 

of the plant (Jones et al., 2014).  

Over 100,000 fungal species have been described, and thousands of them are plant pathogens (Jones 

et al., 2014). Foliar diseases of tomato caused by fungi are significant to production yield due to the 

decrease of the photosynthetic area of leaves and sun damage to the exposed fruit (Davis et al., 2012). 

Besides, soilborne diseases are the most challenging diseases caused by fungi due to the low- 

effectiveness and the cost of the available fungicides (Davis et al., 2012).  
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Bacterial diseases are among the causes of severe losses in tomato production around the world (Davis 

et al., 2012). Six primary bacterial infections that have caused severe damage to the global tomato 

agroindustry are bacterial spot, bacterial speck, bacterial canker, bacterial stem rot, bacterial wilt, and 

tomato pith necrosis (Jones et al., 2014). Besides, some other bacterial diseases (syringae leaf spot, 

tomato root mat, seedling blight and leaf spot, bacterial leaf blight, and psyllid yellows and vein 

greening) and phytoplasmas diseases (tomato big bug and aster yellow) are sporadic and less critical 

in tomato production (Jones et al., 2014). 

Viral diseases are the most important group of pathogens that cause significant economic losses in 

tomato production because they are widespread around the world (Davis et al., 2012; Jones et al., 

2014). The primary viral pathogens of tomato are from the Begomovirus, Crinivirus, Cucumovirus, 

Curtovirus, Potyvirus, Tobamovirus, and Tospovirus genera (Davis et al., 2012). Viruses usually induce 

mosaic, mottle, chlorotic or necrotic symptoms on tomato leaves, fruit and stems (Davis et al., 2012). 

Insects are the major transmitting vectors of tomato viruses (Davis et al., 2012; Jones et al., 2014). The 

most critical insect vectors are thrips, whiteflies, aphids, and leafhoppers (Blancard, 2000; Davis et al., 

2012; Jones et al., 2014). 

Insects and mites caused tomato growers’ concerns, and arthropods are the most important pests that 

damage tomato plants (Davis et al., 2012; Heuvelink, 2005). They often cause damage as speckling, 

spotting and distortion of leaves, stems or fruit that cause the reduction in fruit quality and crop losses 

(Davis et al., 2012). Because insects are the vital vector of tomato viruses, and many arthropods pests 

have abilities to develop the resistance to insecticides, a combination of a long-term management 

program is required to reduce their impact. 

Although there are nearly 2,500 species of plant nematodes of which more than 15,000 have been 

identified (Jones et al., 2014), there only a few nematodes in more than 20 tomato associated genera 

that have a significant influence to tomato production (Davis et al., 2012). Nematodes can live in the 

soil, attack plant roots, and consequently crop losses mostly by reducing the uptake of water and 

nutrients (Heuvelink, 2005). Nematodes may also be considered as a pathogenic vector because they 

can carry plant pathogens and infect plants or the affected plants could be invaded by other plant 

pathogens (Davis et al., 2012; Heuvelink, 2005). Nematodes are almost impossible to eliminate when 

seeded or transplanted, so proper nematode management techniques are required to mitigate the 

damage. (Heuvelink, 2005). 

2.5 Nematodes damage to the global tomato industry 

Nematodes are pseudocoelomate, unsegmented, and microscopic worm-like animals (Decraemer & 

Hunt, 2006). They can live either free or as parasites of plants and animals (Decraemer & Hunt, 2006). 
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Plant-parasitic nematodes are the main important parasites of tomato (Davis et al., 2012; Jones et al., 

2014). They cause direct root damage in tomato and also allows other pathogens to enter and cause 

secondary infections (Davis et al., 2012).  

On a global basis, annual yield losses to the tomato industry caused by nematodes estimated by Hussey 

and Janssen (2002) is about 5%. However, an official report on the current status of the damage is not 

available. Besides, some individual studies estimated that the yearly loss of tomato yield in the United 

States range from 12% (Davis et al., 2012) to 20% (Barker, 1998, as cited in Aalders et al. (2009)). The 

yield loss of tomatoes grown in the soils with a high density of RKNs in Western Anatolia was reported 

to be up to 80% (Kaskavalci, 2007).  

Plant-parasitic nematodes are a critical factor in vegetable production including tomato (Sikora & 

Fernández, 2005). Especially, the seriousness of the nematode problem is significant because of the  

increase in global demand and the development of high intensity production systems and mono-

cropping practice (Sikora & Fernández, 2005). The impact of nematodes also increases in field 

production, where a series of susceptible high yielding cultivars are grown. 

The optimal temperature for the development of nematodes in soils is 21-26oC but inactivated at 

temperatures < 16oC, so nematodes are important parasites in the tropical and subtropical regions 

(Heuvelink, 2005; Sikora & Fernández, 2005). Therefore, subtropical and tropical regions are the most 

affected areas due to the great diversify and severe nematode problems especially because of the lack 

of a low temperature winter which naturally exerts pest pressure (Jones et al., 2014). 

2.6 Common nematode species damaging tomatoes  

The most economically significant and widespread nematode of tomato is RKNs of Meloidogyne spp. 

(Davis et al., 2012; Decraemer & Hunt, 2006; Heuvelink, 2005; Jones et al., 2014). The other plant-

parasitic nematodes associated with tomatoes have been reported including the sting nematode 

(Belonolaimus longicaudatus), reniform nematode (Rotylenchus reniformis), root-lesion nematodes 

(Pratylenchus spp.), dagger nematodes (Xiphinema spp.), and stubby root nematodes (Trichodorus 

spp.) (Davis et al., 2012; Heuvelink, 2005). 

Previous studies have reported that within the family of RKNs of Meloidogyne spp., the three tropical 

species M. incognita, M. arenaria, and M. javanica, and the temperate species M. hapla are the most 

common (Heuvelink, 2005; Moens, Perry, & Starr, 2009). However, field samples usually contain a 

mixture of many Meloidogyne species instead of a single one (Decraemer & Hunt, 2006). 
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RKNs like other plant-parasitic nematode species share the same life cycle pattern, consisting of six 

stages, including the egg, four larval stages, and the male and female adults (Davis et al., 2012; Moens 

et al., 2009). Under favourable conditions, the RKN completes the life cycle in 3-4 weeks and up to 

eight generations within a planting season (Davis et al., 2012). RKNs feed only on the inside of the 

fibrous roots. They can be found freely in the soil as the infective stage, male stage or in an extended 

quiescent phase (Decraemer & Hunt, 2006). During the quiescent period, they consume only the stored 

food in their intestines. So, the nematode infectivity is reduced if they are away from the host for a 

long period due to the lack of food availability. 

2.7 Common nematode species damaging tomatoes in New Zealand 

Plant-parasitic nematodes have been identified in NZ for nearly 100 years (Bell et al., 2006). Some 

reviews are more than six decades old reported by Cotlier, 1956 and Clark, 1963 (Mercer, 1994). Until 

1972, a list of nematodes that are damaging to the NZ agriculture industry was published by Dale 

(Mercer, 1994). In these reports, nematode impact was not considered as an important risk of crop 

losses in NZ probably because only a few published reports on nematodes have been published in the 

country. Besides, there is almost no record on the damages and losses to either the tomato production 

or other crops caused by plant-parasitic nematodes. 

Mercer (1994) reported the most common nematodes damage to tomato are from RKNs, especially 

the Meloidogyne spp. (most common are M. hapla and M. incognita), Pratylenchus spp., Trichodorus 

spp., and Criconemoides spp. Recently, Meloidogyne minor is another species of RKN that has been 

reported to cause damage to many hosts including tomato and has been reported for the first time in 

NZ by Zhao et al. (2017).  

2.8 Benefits of root-knot nematode-resistant varieties 

The ability to suppress the development or reproduction of nematodes on plants is commonly used as 

the most critical factor in the definition of nematode resistance (Cook & Starr, 2006; Roberts, 2002). 

The planting of resistant plants can reduce the nematode population densities in the soil compared to 

susceptible plant genotypes. Over time, this suppression of nematode reproduction brings sustainable 

benefits in agricultural production and is considered as a powerful tool in managing the potential crop 

losses by nematodes. 

Nowadays, the most common method to control the effects of the nematodes to crop yield is the 

application of nematicides. However, it has raised environmental and human health concerns. Besides, 

the nematicides act only for a short-term when initially applied to an ‘over-threshold’ density of the 
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soil nematode population (Whitehead, 1997). Therefore, identifying tomato cultivars that are 

nematode resistant is a vital alternative, environmentally friendly solution (Starr et al., 2002). 
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Chapter 3 

Materials and Methods 

3.1 Materials 

3.1.1 Potting mix 

The potting mix used for nursing and planting the tomato in this experiment was Tui Vegetable Mix 

packed in 40 L poly-ethylene bags (Figure 3.1). The potting mix is a commercial product which is 

marketed as 100% weed-free, containing sheep pellets and starter fertilizer, and suitable for all 

vegetable types ("Tui vegetable mix,"). 

 

Figure 3.1 Vegetable potting mix used for planting tomatoes ("Tui vegetable mix,"). 

3.1.2 Tomato cultivars 

Five tomato cultivars supplied by King Seeds Company were used in the experiment. The properties of 

the cultivars are shown below in Table 3.1. 
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Table 3.1 Tomato cultivars used in this study  

Code C1 C2 C3 C4 C5 

Cultivar name 
Tomato 

Marmande 
Tomato 

Russian Red 

Tomato Black 
Cherry 

Stripped 

Tomato 
Oxheart 

Tomato Black 
from Tula 

Species 
Lycopersicon 
Esculentum 

Lycopersicon 
Esculentum 

Lycopersicon 
Esculentum 

Lycopersicon 
Esculentum 

Lycopersicon 
Esculentum 

Category 
Number 

9098 9220 8945 9180 8950 

Lot Number 26 212 17093 20004 24273 
Shelf life 01/2022 01/2022 01/2022 01/2022 01/2022 

Reference 
maturity time 

from transplant 
80 days 75 days 65 days 80 days 85 days 

Photograph 

     

3.2 Methods 

3.2.1 Experimental site and planting environment 

The experiment was conducted in The Aluminex glasshouse of Nursery Centre at Lincoln University. It 

is located on the Farm Road and has automatic ventilation and a temperature controlling system to 

keep the mean temperature of the greenhouse at around 20oC and not less than 16oC or higher than 

35oC. The glass roof greenhouse helped to avoid from exposure of plants to the rain, while the average 

humidity was controlled at the outside atmospheric humidity of approximately ~ 78%. The average 

daily sunlight hours during the experiment was around 15hours. 

3.2.2 Raising of tomato seedling and transplanting 

Three tomato seeds of each cultivar were sown directly into the 12 cm diameter pots filled with potting 

mix. Seeds were covered by potting mix to a depth of about 10 mm. Sown containers were kept in the 

glasshouse at a mean temperature of 20oC and watered daily. After germination, 10-day old seedlings 

were thinned to one plant per each treatment pot. 

3.2.3 Extraction and counting eggs of RKN 

Nematodes eggs were used to inoculate and evaluate the reproduction of RKN in the tomato root 

systems. They were extracted from infected tomato roots by a modified method of Hussey and Barker 
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(1973). Firstly, the RKN infested tomato roots were washed gently under tap water to remove all the 

soil from the root system while keeping the whole root system intact. Roots were dabbed using a paper 

towel to remove surface water before cutting them into pieces and putting them into  75 ml plastic 

specimen cups. A 5 g/L diluted bleach (NaOCl) solution was added to cover chopped roots, and then 

the bottle cap was closed. The plastic container was shaken very well by hand for 1 – 2 minutes. The 

mix of roots and bleach were then passed through two stacked sieves having pore sizes of 200µm and 

20µm, respectively. The 200µm sieve was kept on the top to collect root biomass whereas the 20µm 

pore sieve was held at the bottom to collect RKN eggs. Collected roots/nematodes eggs were rinsed 

for additional 15-20 seconds using tap water to remove any excess bleach. RKN eggs were collected 

from the bottom sieve (20µm) by gently rinsing the leftovers in the sieve using a wash bottle into a 75 

ml plastic specimen cup. To the plastic specimen cup, tap water was added to make the final nematode 

eggs-water suspension approximately 10 ml. Specimen cups with an egg-water suspension were stored 

in a refrigerator at 4oC before using for nematode egg counting. 

Before counting, RKN eggs were stained according to Thies, Merrill, and Corley (2002) using Hansells™ 

red food colouring (active colouring agent Ponceau 4R (E124)).  Nematode egg numbers were counted 

under 10X magnification using an inverted microscope and by utilizing a modified nematode counting 

dish to determine the egg numbers for each tomato cultivar. When there were too many eggs in a 

sample, the egg suspension was diluted, and the number of eggs was determined by using appropriate 

calculations. 

3.2.4 Inoculation  

  

Figure 3.2 Inoculation of nematode eggs in a triangular pattern into three holes surrounding the 
tomato seedling 
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After thinning the seedling to one seedling per pot, the seedlings in pots were inoculated using a freshly 

extracted RKN eggs suspension (Figure 3.2). The injection was done in three 2-cm-depth holes arranged 

in an equilateral triangular pattern surrounding the seedling. A study by Kankam and Adomako (2014) 

inoculated up to 2000 Meloidogyne spp. juveniles J2 per pot of tomato plants and showed a significant 

reduction in the development factors and this was most evident at the end of the experiment at 6 

weeks. Due to the time limitation of this study, each test pot was inoculated with 2,500 RKNs 

Meloidogyne spp. eggs so that an effect could be observed sooner. After RKN egg inoculation, the holes 

surrounding the seedling were covered by using Tui vegetable potting mix. 

3.2.5 Experimental design 

The experiment consisted of eight replicates of five tomato cultivars (Tomato Marmande, Russian Red, 

Black Cherry Striped, Oxheart, and Black from Tula).  

Each replicate contained five uninoculated control plants of the five cultivars, and five RKN inoculated 

plants of the same five cultivars used for the controls. So, the experiment contained 80 plastic pots of 

5 cultivars which included 40 control pots and 40 RKN inoculated pots.  

Each pot was marked by an identification code (ID) using the following abbreviations: 

- Replicate (R): From R1 to R8 to illustrate replicates 1 to 8 

- Cultivar (C): C1 to C5 refer to the cultivars 1 to 5 

- Minus mark (-): Refer to the control plants which received no RKN inoculation 

- Plus mark (+): Illustrated the RKN inoculated sample 

- Example: the ID R1.C1.(+) means replicate 1, cultivar 1, nematode inoculated sample, while 

the ID R2.C3.(-) means replicate 2, cultivar 3, control sample. 

After inoculation, all the treatment pots were completely randomized in 8 rows and 10 columns. A 

randomizer software was used to generate the random numbers for 8 sets of 10 unique numbers per 

set, each set of number was representative of a replicate. The layout of the samples is shown below in 

Table 3.2. 

All test plants were kept under a similar condition in the Aluminex glasshouse. Five replicates from R1 

to R5 were sampled on day 28, and the remainder (three replicates) were tested on day 45 for 

assessment of root gall indices, shoot and root biomass weight. 
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Table 3.2 Layout of experimental pots 

R8.C1. 
(+) 

R8.C4. 
(-) 

R8.C4. 
(+) 

R8.C5. 
(-) 

R8.C2. 
(-) 

R8.C5. 
(+) 

R8.C3. 
(+) 

R8.C3. 
(-) 

R8.C1. 
(-) 

R8.C2. 
(+) 

R7.C3. 
(-) 

R7.C4. 
(+) 

R7.C4. 
(-) 

R7.C2. 
(+) 

R7.C5. 
(-) 

R7.C3. 
(+) 

R7.C1. 
(-) 

R7.C5. 
(+) 

R7.C2. 
(-) 

R7.C1. 
(+) 

R6.C5. 
(-) 

R6.C5. 
(+) 

R6.C1. 
(-) 

R6.C4. 
(-) 

R6.C2. 
(+) 

R6.C3. 
(+) 

R6.C1. 
(+) 

R6.C3. 
(-) 

R6.C2. 
(-) 

R6.C4. 
(+) 

R5.C4. 
(-) 

R5.C1. 
(+) 

R5.C1. 
(-) 

R5.C2. 
(+) 

R5.C3. 
(-) 

R5.C5. 
(+) 

R5.C2. 
(-) 

R5.C3. 
(+) 

R5.C4. 
(+) 

R5.C5. 
(-) 

R4.C2. 
(+) 

R4.C3. 
(+) 

R4.C3. 
(-) 

R4.C1. 
(-) 

R4.C5. 
(-) 

R4.C5. 
(+) 

R4.C1. 
(+) 

R4.C4. 
(+) 

R4.C2. 
(-) 

R4.C4. 
(-) 

R3.C5. 
(+) 

R3.C3. 
(+) 

R3.C3. 
(-) 

R3.C5. 
(-) 

R3.C4. 
(-) 

R3.C2. 
(-) 

R3.C1. 
(-) 

R3.C4. 
(+) 

R3.C2. 
(+) 

R3.C1. 
(+) 

R2.C4. 
(+) 

R2.C5. 
(-) 

R2.C5. 
(+) 

R2.C1. 
(+) 

R2.C2. 
(+) 

R2.C4. 
(-) 

R2.C1. 
(-) 

R2.C3. 
(+) 

R2.C2. 
(-) 

R2.C3. 
(-) 

R1.C2. 
(-) 

R1.C5. 
(+) 

R1.C4. 
(+) 

R1.C5. 
(-) 

R1.C1. 
(+) 

R1.C1. 
(-) 

R1.C3. 
(-) 

R1.C4. 
(-) 

R1.C3. 
(+) 

R1.C2. 
(+) 

3.2.6 Irrigation  

The potting mix used for planting tomatoes in the experiment contained a high percentage of organic 

matter of light density. Therefore water drained fairly quick after watering while maintaining a suitable 

moisture level for plants for a long time. The moisture content of the soil in the treatment pots was 

checked every day by sensory touch and watered on time to prevent the soil from drying but not too 

wet. The watering was done gently at the pot surfaces to avoid any influence on the plants, leaves, and 

roots. In the first two weeks, the watering frequency was one per three days, then increased to one 

per two days in the next two weeks, and after that daily for the remainder of the experiment. 

3.2.7 Harvesting and tomato shoot measurement  

As mentioned above, the plants used in the study were harvested twice. First, five replicates (R1 to R5) 

from each of the cultivars of both controls and test groups were sampled on day 28 and the last three 

replicates (R6 to R8) on day 45. Five replicates were selected for harvesting on day 28 because I was 

unsure whether the tomato plants inoculated with RKNs would survive longer than 28 days. 

Before harvesting the plants, the plant height was measured and the number of branches counted. 

Photographs of some negative and positive nematode samples of each cultivar were taken. Then 

above-the-soil part of tomato plants (shoot) was cut and put in ID marked paper bags for drying at 

80oC in 48 hours (Kankam & Adomako, 2014) to measure the dry shoot biomass weight. The pots now 

contained roots and the plants with ID tags were brought back into the lab for washing the root 

systems, assessing root gall indices, RKN eggs extraction, and drying for root biomass weight 

measurement. 
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3.2.8 Root washing  

Firstly, the soft plastic pots containing the roots were gently squeezed to loosen the roots from the 

potting mix to make it easier to take the roots out of the pots intact. When taking out of the pot, the 

root system was held tightly by hand and shaken gently to remove as much potting mix as possible 

from the root system. After most of the potting mix was removed from the root system, roots were 

washed with tap water to remove any remaining potting. The broken roots were collected into a 200-

µm sieve and washed with tap water before collecting.  The fractured roots had to be collected, 

washed to clean, and dabbed dry together with the primary root system for data collection. Washed 

roots were used for assessment of root gall indices as described in section 3.2.9, and RKN egg 

extraction as described in section 3.2.3, and then dried to measure the root biomass weight following 

a similar technique as described for shoot weight. 

3.2.9 Assessment of root gall indices 

The RKN infestation level on tomato root system was categorized using the roots rating chart of (Bridge 

& Page, 1980). Firstly, dabbed dry root system was spread out on a benchtop with a black background 

for easier visualization of root-knots, then carefully examined the root system with naked eyes and a 

magnifier (when necessary) and compared the root with the root-not rating chart are shown in Figure 

3.3 to identify the root gall indices.  

The control root sample was inserted into clearly marked paper bags for drying immediately after the 

root gall indices assessment if their indices were 0 or followed the same procedure as for the 

inoculated samples if their indices were greater than 0 to identify the cross-contamination.  

The root system of nematodes inoculated samples was cut into pieces by scissors, transferred to 75 ml 

plastic bottles and the caps covered with several drops of water to maintain the moisture and kept in 

the refrigerator at 4°C for egg extraction regardless of their root gall indices. 
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Figure 3.3 RKN root gall rating chart (Bridge & Page, 1980). 

3.2.10 Data collection 

Growth parameters of tomato plants, including plant height, number of branches, and any visual 

changes of plants were monitored weekly. Root gall indices, dried shoot and root biomass weights, 

and the number of RKN eggs were measured on days 28 and 45. 

3.2.11 Statistical analysis 

Data collected were analyzed using Microsoft Excel® and Minitab® 18. Mean significant difference was 

used for comparison at 5%. Statistical analysis showed that there are significant differences between 

samples (P < 0.05), a paired comparison using Tukey post hoc test conducted to determine the exact 

difference. 

Image removed for Copyright compliance 
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Chapter 4 

Results and Discussions 

During the study period, the plant [ID R6.C1.(+)] died after two weeks when it was still a seedling. Its 

root could not be found at the end of the study. So, none of the data related to this plant was used in 

the statistical analysis. 

4.1 Shoot height 

4.1.1 Control group 

The plant heights of all five cultivars in both control and RKN inoculated are shown in Appendix A and 

summarized and illustrated in Table 4.1, 4.2 and Figure 4.1. The statistical analysis using ANOVA 

showed significant differences between the five cultivars and also with the duration of the study in the 

control plants (P < 0.05). During the experimental period, when without nematodes, the pair 

comparison analysis using Tukey post hoc test showed that the cultivar C4 was the tallest while C3 and 

C2 were the lowest in height. The heights of C1 and C5 were in the mid-range when their heights were 

not significantly different from C4, C2, and C3. 

Table 4.1   Heights of control plants (Mean ± SD) during the experiment  

Days# Cultivar 1 (-) Cultivar 2 (-) Cultivar 3 (-) Cultivar 4 (-) Cultivar 5 (-) 
0 26.25 ± 6.41 19.38 ± 4.17 16.88 ± 4.58 38.75 ± 3.54 23.75 ± 6.94 
3 40.63 ± 8.63 28.75 ± 7.44 25.00 ± 5.98 60.00 ± 8.02 36.25 ± 9.16 

10 86.25 ± 6.94 50.00 ± 10.00 55.63 ± 8.21 118.13 ± 14.13 73.13 ± 13.61 
15 137.50 ± 10.00 85.00 ± 14.88 97.50 ± 13.63 181.88 ± 22.83 109.38 ± 13.74 
21 227.50 ± 20.70 168.75 ± 20.31 181.25 ± 17.27 271.25 ± 20.31 191.25 ± 28.00 
28 253.75 ± 19.23 195.00 ± 17.73 207.50 ± 12.82 306.25 ± 17.68 226.25 ± 16.85 
35 316.67 ± 37.86 236.67 ± 30.55 260.00 ± 10.00 390.00 ± 10.00 336.67 ± 20.82 
42 403.33 ± 65.06 323.33 ± 32.15 336.67 ± 35.12 523.33 ± 5.77 446.67 ± 23.09 
45 423.33 ± 55.08 353.33 ± 25.17 396.67 ± 45.09 600.00 ± 20.00 516.67 ± 32.15 

(#): Number of days from the day of nematode inoculation of test plants 
(-): Refer to the control plant 
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Figure 4.1 Height of tomato plant cultivars (Mean ± SD) of control and test (nematode inoculated) 
plants 

The order of means height of control plants of each cultivar in this experiment was different compared 

to the average height of tomato plants claimed by the seed manufacturer. According to the seed 

company ("King seeds tomato cultivars,"), the order of tallest to shortest plants should be C3 > C1 > C2 

> C4 > C5 with the number of days to maturity claimed as 65, 80, 75, 80 and 85 days respectively 

Although the recommended optimum soil temperature for the best germination rate of all five 

varieties is reported as similar between 20oC and 25oC, but the seed manufacturer has not 

recommended an optimum temperature for the development of these cultivars. The results from this 

study showed that without the effects of RKNs, the increase in the height of the five varieties was in 

the following order C4 ≥ C1 = C5 ≥ C3=C2. 

4.1.2 Test Group (nematode inoculated plants) 

In RKN inoculated plants, the statistical analysis showed that during the experiment period, the height 

of inoculated plants was also significantly different between cultivars (P < 0.05) and the order of tallest 

variety and lowest cultivar was different to that reported for the control group. C4 and C3 were the 

tallest, C5 and C1 were of medium-height, while C2 was the shortest. 
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Further analysis for each of five cultivars showed that generally, the height of only the cultivar C2 (Tomato 

Russian Red) was significantly influenced by the RKN (P < 0.05) while the height of other four cultivars was 

not significantly different from the height of the control plants (P > 0.05). The heights of all the plants of 

each cultivar shown in Figure 4.2 explains the different pattern of height increases of each variety. During 

the first 10 days following nematode inoculation, both control and inoculated plants grew at similar rates, 

so there was no significant difference in the height of plants regardless of with or without RKNs. But after 

that, the behaviour of each cultivar changed.  

Table 4.2 Height of test (nematode inoculated) plants (Mean ± SD) during the experiment  

Days Cultivar 1 (+) Cultivar 2 (+) Cultivar 3 (+) Cultivar 4 (+) Cultivar 5 (+) 
0 27.86 ± 4.88 19.38 ± 4.17 15.63 ± 3.20 36.25 ± 4.43 25.00 ± 5.35 
3 42.14 ± 6.99 28.13 ± 5.94 23.13 ± 6.51 55.63 ± 7.76 37.50 ± 5.35 

10 74.29 ± 8.38 41.88 ± 10.33 48.75 ± 8.35 96.88 ± 11.00 68.13 ± 11.00 
15 105.71 ± 16.18 56.88 ± 15.34 85.00 ± 11.02 135.00 ± 17.93 93.75 ± 15.06 
21 183.57 ± 45.71 90.00 ± 23.45 191.88 ± 40.53 198.75 ± 22.32 146.25 ± 31.14 
28 207.14 ± 47.16 112.50 ± 32.51 228.75 ± 28.50 240.00 ± 21.38 181.25 ± 34.82 
35 230.00 ± 42.43 166.67 ± 25.17 363.33 ± 23.09 326.67 ± 41.63 256.67 ± 49.33 
42 280.00 ± 42.43 230.00 ± 43.59 446.67 ± 11.55 426.67 ± 49.33 366.67 ± 51.32 
45 305.00 ± 35.36 253.33 ± 57.74 503.33 ± 11.55 470.00 ± 62.45 423.33 ± 56.86 

(#): Number of days from the day of nematode inoculation of test plants 
(+): Refer to test (nematode inoculated) plants  
 

Cultivar C4 showed the influence of RKNs on the plant height earliest. After 10 days, the inoculated 

plants grew at a slower rate than the controls, which led to the ultimate differences in the plant 

heights. The pattern of RKNs affected the height development repeated with three other cultivars (C1, 

C2, and C5) but the effects occurred later. The height differences were visible at 15 days with C2 but 

only on day 28 in C1 and C5. 

According to Roberts (2002), each variety has a different response to the effects of RKN, and it depends 

on the level of their susceptibility. The growth of more susceptible cultivar could be markedly affected. 

The impact of RKNs on the height reduction of tomato plants compared to the controls not only 

confirmed the results of an earlier study (Kankam and Adomako (2014) but also showed that the 

impact occurred sooner at 10 days compared to 10 weeks.  
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Figure 4.2 Height of tomato plant cultivars (C1 – C5) (Mean ± SD) with or without RKN 
inoculation. (The asterisks refer to the significant difference at P < 0.05). 
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Interestingly, cultivar C3 behaved differently from other cultivars. The mean plant height of both C3 

control and inoculated plants was similar until 21 days. Surprisingly, the C3 inoculated plants began to 

grow faster than the control plants (Figure 4.3). Although, the statistical analysis showed that there 

was no significant difference, the visual graphs and the photograph showed a trend of faster growth. 

However, the plant height between the control and inoculated plants of C3 was significant from day 

35 onwards when the inoculated plants grew at a higher rate than the controls. This indicated that 

cultivar C3 was not only resistant to RKN but also grew at a faster rate when infected. 

 

Figure 4.3 Pots contain the control and inoculated plants of cultivar 3 (C3) on days 28 (A) and 45 
(B). 

The positive response of cultivar C3 to the effects of RKNs has not been previously reported. However, 

Schöning and Wurst (2015) reported an increase of shoot biomass and nitrogen contained in shoots, 

roots and seeds of wild tobacco Nicotiana attenuate. It could be explained that the initial attack of 

RKNs led to the increase of carbon allocation to roots caused an increase in root exudate and 

subsequent soil microbial activities in the rhizosphere (Bardgett, Cook, Yeates, & Denton, 1999). 

Therefore, it could be speculated that the presence of a population of RKNs in the soil is an advantage 

to the growth of black cherry striped tomato (C3) cultivar.  

4.1.3 Effects of the tree shade on the height of plants 

One of the observations made at the experimental site was that there was a tree close to the 

greenhouse which shaded about one-third of the cultivar pots of both the controls and the inoculated 

ones. The shade reduced the direct sunlight to those pots from about 16:00 to sunset every day. This 

A (28 days) 

B (45 days) 

R4 C3  
Control 

R4 C3  
Test 

R7 C3 
Control 

R7 C3 
Test 

Cultivar 3 
Black cherry striped 
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resulted in these plants receiving less light for about four to five hours daily. The initial visual 

observation showed that those plants under the shade were higher than the other parts. The layout 

of the shade pattern marked in grey is illustrated in Table 4.3.  

Table 4.3 Layout of the tomato plants cultivars in the experimental site (The cultivars marked in 
grey cells received less sunlight from about 4:30 pm) 

R8.C1. 
(+) 

R8.C4. 
(-) 

R8.C4. 
(+) 

R8.C5. 
(-) 

R8.C2. 
(-) 

R8.C5. 
(+) 

R8.C3. 
(+) 

R8.C3. 
(-) 

R8.C1. 
(-) 

R8.C2. 
(+) 

R7.C3. 
(-) 

R7.C4. 
(+) 

R7.C4. 
(-) 

R7.C2. 
(+) 

R7.C5. 
(-) 

R7.C3. 
(+) 

R7.C1. 
(-) 

R7.C5. 
(+) 

R7.C2. 
(-) 

R7.C1. 
(+) 

R6.C5. 
(-) 

R6.C5. 
(+) 

R6.C1. 
(-) 

R6.C4. 
(-) 

R6.C2. 
(+) 

R6.C3. 
(+) 

R6.C1. 
(+) 

R6.C3. 
(-) 

R6.C2. 
(-) 

R6.C4. 
(+) 

R5.C4. 
(-) 

R5.C1. 
(+) 

R5.C1. 
(-) 

R5.C2. 
(+) 

R5.C3. 
(-) 

R5.C5. 
(+) 

R5.C2. 
(-) 

R5.C3. 
(+) 

R5.C4. 
(+) 

R5.C5. 
(-) 

R4.C2. 
(+) 

R4.C3. 
(+) 

R4.C3. 
(-) 

R4.C1. 
(-) 

R4.C5. 
(-) 

R4.C5. 
(+) 

R4.C1. 
(+) 

R4.C4. 
(+) 

R4.C2. 
(-) 

R4.C4. 
(-) 

R3.C5. 
(+) 

R3.C3. 
(+) 

R3.C3. 
(-) 

R3.C5. 
(-) 

R3.C4. 
(-) 

R3.C2. 
(-) 

R3.C1. 
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The heights of those plants in and out of the shade analysed by ANOVA indicated that both height and 

number of branches of plants covered by the shade were significantly higher than of the rest of the 

plants (P < 0.05). This experiment was conducted from late Spring to early Summer, which meant about 

15 hours of sunlight. So, it appears that the shade helped to reduce direct sunlight to some plants in 

the top left-hand area with exposure to only diffused light with lower intensity to these plants for 

about 30% of the day time. A study of Hao, Hale, and Ormrod (1997) reported that the consecutive 

exposure to high-intensity ultraviolet-B radiation could lead to a reduction of growth (height and dry 

weight).  Unfortunately, the percentage of light intensity reduction was not measured to evaluate a 

correlation between light reduction and the development of tomato plants. Further studies are 

required to measure the impacts of the percentage of sunlight reduction on all development 

parameters of the tomato plants. 

4.2 Number of branches 

Data collected of the number of branches of control and inoculated plants (Appendix A) was summarized,  

graphed, and depicted in Table 4.4, 4.5, and Figure 4.4. The statistical analysis showed that there were 

significant differences in the number of branches between control plants and between RKN inoculated 

plants of all five cultivars (both P < 0.05). In the control groups, C4 showed the highest number of branches 

while C5, C2, and C3 were lowest, and C1 was intermediate.  
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Table 4.4 Number of branches (Mean ± SD) of control plants during the experiment 

Days# Cultivar 1 (-) Cultivar 2 (-) Cultivar 3 (-) Cultivar 4 (-) Cultivar 5 (-) 
0 0.25 ± 0.46 0.00 ± 0.00 0.00 ± 0.00 1.63 ± 0.52 0.13 ± 0.35 
3 1.50 ± 0.76 0.63 ± 0.74 0.25 ± 0.46 2.88 ± 0.35 1.13 ± 0.83 

10 3.75 ± 0.71 2.88 ± 0.35 2.75 ± 0.71 5.00 ± 0.53 2.88 ± 0.83 
15 5.13 ± 0.35 4.38 ± 0.52 4.13 ± 0.35 6.63 ± 0.74 4.25 ± 0.71 
21 7.75 ± 0.46 7.13 ± 0.64 6.00 ± 0.53 9.13 ± 0.35 6.88 ± 0.83 
28 9.50 ± 0.93 8.75 ± 0.46 8.00 ± 0.76 10.63 ± 0.74 8.75 ± 0.89 
35 10.67 ± 1.15 10.00 ± 1.00 9.00 ± 1.00 14.00 ± 2.00 10.33 ± 0.58 
42 12.67 ± 0.58 13.00 ± 2.00 10.67 ± 1.15 19.33 ± 2.31 12.33 ± 0.58 
45 14.33 ± 0.58 13.00 ± 2.00 11.67 ± 2.08 21.33 ± 2.52 15.33 ± 2.08 

(#): Number of days from the day of nematode inoculation of test plants 
(-): Refer to the control plant 
 

 

Figure 4.4 Number of branches (Mean ± SD) in control and test tomato plant cultivars C1 – C5 

Among inoculated plants, C4 had the highest number of branches while C2 together with C1 had the 

least. The number of branches in the cultivars C3 and C5 was intermediate.  
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Table 4.5 Number of branches (Mean ± SD)  of test (nematode inoculated )plants during the 
experiment time  

Days# Cultivar 1 (+) Cultivar 2 (+) Cultivar 3 (+) Cultivar 4 (+) Cultivar 5 (+) 
0 0.29 ± 0.49 0.13 ± 0.35 0.00 ± 0.00 1.00 ± 0.76 0.13 ± 0.35 
3 1.43 ± 0.79 0.63 ± 0.74 0.25 ± 0.46 2.38 ± 0.52 0.88 ± 0.64 

10 3.00 ± 0.82 2.75 ± 0.71 2.88 ± 0.64 4.38 ± 0.52 2.75 ± 0.89 
15 4.43 ± 0.53 3.63 ± 0.92 3.75 ± 0.46 5.50 ± 0.53 4.13 ± 0.83 
21 6.57 ± 0.98 5.38 ± 0.92 5.88 ± 0.35 7.75 ± 1.04 5.88 ± 0.99 
28 8.71 ± 0.76 7.00 ± 1.07 8.63 ± 0.74 10.00 ± 0.93 8.13 ± 1.36 
35 10.00 ± 0.00 8.67 ± 0.58 9.67 ± 0.58 12.00 ± 2.00 9.33 ± 1.53 
42 10.50 ± 0.71 11.33 ± 1.15 11.00 ± 1.00 15.33 ± 1.15 10.67 ± 1.53 
45 11.50 ± 0.71 12.33 ± 2.08 11.33 ± 0.58 16.67 ± 2.52 11.33 ± 1.15 

(#): Number of days from the day of nematode inoculation of test plants 
(+): Refer to test (nematode inoculated) plants  
 

Statistical analysis between control and inoculated plants of each cultivar showed that there was no 

significant difference in the number of branches in each variety (P > 0.05). Related graphs are shown 

in Figure 4.5, which demonstrate a similarity in the number of branches in cultivars C2 and C3 during 

the entire experimental period. A slight difference was found in cultivars C1, C4, and C5 from day 42. 

However, those differences required more extended observation over a longer period to confirm the 

trend which could not be achieved in this experiment due to the time limitation. 
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Figure 4.5 Number of branches (Mean ± SD) in control and test (RKN inoculated) plants in 
cultivars C1 – C5. (The asterisks refer to significance at P < 0.05). 
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4.3 Root gall indices 

The assessment of root gall indices was conducted at two time periods, day 28 with five replicates 

(Appendix D.1) and day 45 (Appendix D.2) with three replicates. The results showed that all control plants 

had no root-knot damage. So, all gall indices of control plants were 0, suggesting that none of the controls 

was contaminated during the study period. In contrast, the inoculated tomato cultivars showed different 

patterns of RKN damages on each cultivar. The mean of gall indices of inoculated plants of five cultivars 

on days 28 and 45 are shown in Table 4.6 and illustrated in Figure 4.6.  

Table 4.6 Root gall indices (Mean ± SD) on days 28 and 45 

  
Root gall indices 

Cultivar C1 Cultivar C2 Cultivar C3 Cultivar C4 Cultivar C5 

28 days Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
Inoculated 5.20 ± 1.78 8.20 ± 1.10 0.00 ± 0.00 5.80 ± 1.64 5.40 ± 3.29 

45 days 
Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Inoculated 7.00 ± 0.00 8.33 ± 0.58 0.00 ± 0.00 6.33 ± 1.53 6.33 ± 1.53 
 

 

Figure 4.6 Root gall indices (Mean ± SD) of inoculated tomato cultivars on day 28 and 45.  (The 
results between days 28 and 45 were not significant). 

These results confirmed our earlier observation that cultivar C3 was resistant to RKN-since there was 

no damage at all to the root systems (Figure 4.9) in all replicates. In contrast, all the other cultivars 

were damaged by RKNs, and root-knots were visible on their root systems (Figures 4.7, 4.8, 4.10, and 

4.11). 
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also significantly different (P < 0.05). In detail, cultivar C2 (Tomato Russian Red) was the most infected 

cultivar, and almost all roots were severely knotted (root gall indices varied from 7 to > 9). The picture of 

the root ID R2.C2.(+) in Figure 4.8 is a representative of a gall rated at 7. 

 

Figure 4.7 Root system of a control and nematode infected plant of the cultivar C1 (Tomato 
Marmande) on day 28 

 

Figure 4.8 Root system of a control and nematode infected plant of the cultivar C2 (Tomato 
Russian Red) on day 28 
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Two cultivars C5 (Tomato Black from Tula) and C1 (Tomato Marmande) were intermediately affected 

by RKNs, and only about 50% of roots were infected and knotted on primary roots (root gall indices 

ranged from 5 to 6). The photographs of roots of the cultivar C1 [ID R2.C1.(+)] in Figure 4.7 and C5 [ID 

R2.C5.(+)] in Figure 4.11 represent gall indices 5 and 6, respectively. 

 

Figure 4.9 Root systems of a control and nematode infected plant of the cultivar C3 (Tomato 
Black Cherry Striped) on day 28. (There was no difference between the test and control) 

 

Figure 4.10 The root systems of a control and nematode infected plant of the cultivar C4 (Tomato 
Oxheart) on day 28 
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Figure 4.11 The root systems of a control and nematode infected plant of the cultivar C5 (Tomato 
Black from Tula) on day 28 

The degree of RKN damage on the root system of C4 was intermediate between C2 and groups C1 and 

C5. The mean gall index ranged from 4 (large knots predominate but primary roots still clean) to 8. (All 

the photographs of roots of cultivar C4 [ID R2.C4.(+)] in Figure 4.10 represent a gall index of 8. 

The results of root gall indices assessment confirmed the findings in section 4.1.2 when the root 

systems of four cultivars (C1, C2, C4, and C5) were affected by RKNs while the root system of the 

resistant cultivar (C3) was undamaged. Among the affected varieties, C2 was the most susceptible to 

root-knot damage, hence a higher root gall index and lower plant height during the same period.  

On comparing the mean root gall indices of each cultivar on day 28 and day 45, the statistical analysis 

indicated that there was no difference between root gall indices of any cultivar at the two different 

sampling times. This finding could be explained by the life cycle of RKNs used in the experiment is quite 

long, and even by day 45, the second generation of RKNs had not been produced to instil more damage 

to the root system. The analysis of their reproductivity in section 4.6 could confirm this hypothesis.  

4.4 Dried shoot weight 

Shoot weight data was collected in Appendix B, and the means of dried shoot weights of five cultivars 

in both control and inoculated groups are shown in Table 4.7 and Figure 4.12. 
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Table 4.7 Shoot weight (Mean ± SD) of control and test (nematode inoculated) plants after 28 
and 45 days 

  
Shoot weight 

Cultivar C1 Cultivar C2 Cultivar C3 Cultivar C4 Cultivar C5 

28 days Control 1.85 ± 0.26 1.75 ± 0.33 1.25 ± 0.15 2.07 ± 0.22 1.72 ± 0.44 
Test 1.33 ± 0.55 0.48 ± 0.35 1.22 ± 0.14 1.48 ± 0.67 1.19 ± 0.43 

45 days 
Control 8.12 ± 0.72 7.13 ± 1.3 5.72 ± 0.71 9.18 ± 1.9 10.19 ± 0.3 

Test 4.54 ± 2.62 3.44 ± 1.76 7.63 ± 0.27 5.45 ± 0.21 5.27 ± 2.36 
 

 

Figure 4.12 Dried shoot weight (Mean ± SD) of control and nematode inoculated plants of the five 
tomato cultivars after 28 and 45 days. (The asterisks refer to significance at P < 0.05). 

The statistical analysis of shoot weight data using 2-way ANOVA showed that there were significant 

differences in the shoot weights between the five cultivars on day 28 and 45 between the control and 

the inoculated plants (both P < 0.05).  

On day 28, the shoot biomass of control cultivars C3 was lowest, C4 and C1 the highest and C2 and C5 

were intermediate. Because of the RKNs effects, each cultivar exhibited the ability to adapt to the 

influences of RKN differently leading to changes in their shoot weight in different ways. In the test 

groups (RKN infected), C2 had the lowest biomass and C4 the highest while the biomass of the other 

three cultivars was intermediate. Results from day 45, the biomass of cultivars were different from the 

results of day 28 measurements. In the control plants, five varieties could be separated into four 

groups based on the biomass, C5 the highest > C4 > C1 > C2 > C3. In nematode inoculated groups, the 

effect of RKNs changed this order, with the biomass of cultivars C3 > C4 = C5 = C1 > C2.  
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When comparing the mean shoot weight of each cultivar on day 28 in control and inoculated plants, 

the statistical analysis indicated that RKNs significantly decreased the shoot biomass of cultivar C2 (P 

< 0.05) while the means of the other four cultivars were similar. 

On day 45, the effects of RKNs significantly reduced (P < 0.05) the shoot biomass in test plants of three 

cultivars, C2, C4, and C5 compared to the control plants. These findings once again confirmed that C2 

was the most affected cultivar by RKNs. Although the dry shoot weight of C3 was not different between 

the control and the inoculated plants, the trend in mean shoot weight change indicated that it could 

have been significantly different if the experiments were conducted for a longer period.  

In the case of cultivar C1, because there was one plant of C1 in replicate 6 [R6.C1.(+)] that died on day 

15 for unknown reasons, the statistical data of C1 at 45 days were not adequate to calculate the 

significance. The statistical analysis with the remaining samples indicated that there was no difference 

in shoot weight between the control and test plants of C1 at day 45. Further experiments are required 

to confirm this. 

4.5 Dried root weight 

Root weight data are shown in Appendix C. The means of dried root weight of five cultivars in both 

control and inoculated experiments are shown in Table 4.8 and Figure 4.13.  

Table 4.8 Root weight (Mean ± SD) of control and test (nematode inoculated) plants on days 28 
and 45 

  
Root weight 

Cultivar C1 Cultivar C2 Cultivar C3 Cultivar C4 Cultivar C5 

28 days 
Control 0.32 ± 0.05a 0.36 ± 0.13a 0.30 ± 0.06a 0.37 ± 0.06a 0.37 ± 0.12a 

Test 0.43 ± 0.10ab 0.29 ± 0.09b 0.30 ± 0.10b 0.50 ± 0.11a 0.36 ± 0.11ab 

45 days 
Control 1.29 ± 0.11ab 1.11 ± 0.20b 1.53 ± 0.13a 1.49 ± 0.21ab 1.57 ± 0.15a 

Test 1.30 ± 0.82a 1.00 ± 0.28a 1.55 ± 0.06a 1.79 ± 0.25a 1.30 ± 0.22a 
The comparison was done in each row only (between five cultivars). In each row, the cultivars with 
different letters were significantly different. 
 

In general, without the impact of RKNs, on day 28, the root weights of control plants of the five cultivars 

were similar (P > 0.05). However, on day 45, significant differences were evident (P < 0.05), the dried 

root weight of five varieties followed the order with C5 = C3 ≥ C4 = C1 ≥ C2. These changes could be 

explained by the fact that the growth rates of tomato cultivars are different and usually slow at the 

seedling stage but increase with the age of the plants (Heuvelink, 2005). Therefore, in the first 28 days, 

root biomass synthesis of five cultivars was inadequate to observe any significant differences.  
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In the case of test (nematode inoculated) plants, the reverse pattern was observed. The mean root 

weights were significantly different in samples taken on day 28 (P < 0.05), whereas the dried root 

weight of five test varieties followed the order, C4 the heaviest ≥ C1 = C5 ≥ C3 = C2, but were similar 

on day 45 (P > 0.05).  

According to Abad, Castagnone-Sereno, Rosso, Engler, and Favery (2009) RKNs on invading the root 

tissues, it redifferentiates parenchyma root cells to multinucleate and hypertrophied giant feeding 

cells. Those giant feeding cells remain healthy with active metabolism to supply the nutrients for 

nematode development throughout its life cycle. In this study, the test (nematode inoculated) plants 

in the first 4 weeks were affected by RKNs and knotted the roots (see section 4.3). This resulted in the 

root system of infected plants being heavier than the controls. That made a significant difference to 

the dried root biomass of test plants of five cultivars harvested on day 28 due to the different level of 

RKN impact (Table 4.8). 

At 45 days, because there was insufficient time for the second generation of RKNs to be produced and 

attack the roots as observed by the results of root gall indices between 28 and 45 days explained in 

section 4.3. Therefore we can speculate that infected plants had more time to develop new roots to 

overcome the nematode damage. Hence the total root biomass of five cultivars was similar at harvest 

on day 45. 

 

Figure 4.13 Dried root weight (Mean ± SD) of control and RKN inoculated tomato cultivars. (The 
results between the test and control groups were not significantly different). 

The statistical analysis of the differences between the root weights of control and test plants in each 

cultivar on days 28 and 45 indicated that even though there were a slightly higher number of 

inoculated root weight, but the differences were not significant (P > 0.05).  
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4.6 Root-knot nematode reproduction 

RKN egg data are shown in Appendix E. A summary of the number of RKN eggs in plant root systems 

of five inoculated plants of the cultivars C1 – C5 on days 28 and 45 are shown in Table 4.9 and Figure 

4.14. The photograph of the RKN egg is shown in Figure 4.15. 

Table 4.9 Number of RKN eggs (Mean ± SD) on control and test(nematode inoculated) plants 
after 28 and 45 days 

  
Eggs 

Cultivar C1 Cultivar C2 Cultivar C3 Cultivar C4 Cultivar C5 

28 days Control 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
Test 0.00 ± 0.00a 16.00 ± 24.66a 0.00 ± 0.00a 8.00 ± 17.89a 0.00 ± 0.00a 

45 days 
Control 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 

Test 2660 ± 1668.77ab 2293.33 ± 362.95ab 0.00 ± 0.00b 4586.67 ± 881.21a 2040 ± 1942.78ab 
The comparison was done in each row only (between five cultivars). In each row, the cultivars with 
different letters were significantly different. 
 

The data indicated that the RKNs had not commenced laying eggs by day 28 since almost no eggs were 

detected in the root systems. Although some eggs were found in a few replicates of cultivars C2 and 

C4, the statistical analysis indicated that there was no significant difference in the number of eggs of 

five cultivars (P > 0.05). Besides, the number of eggs found in some plants on day 28 was small 

compared to the inoculated number (2500 eggs/plant). So, it could not be considered as reproductivity 

by RKNs. 

The length of RKNs life cycle is from 3 to 4 weeks or longer if the soil is cold and in some species the 

RKNs, the egg-laying process could be reduced at soil temperature < 19oC  (Jones et al., 2014).  This 

study was conducted at a mean temperature of 20oC, but on some days, the night temperature 

declined to about 15oC. Although the glasshouse temperature was recorded every 2 hours, the 

relationship of the air temperature to soil temperature is not known. Another possible reason is that 

the study duration for the first five replicates which were taken down in 28 days was inadequate for 

the female RKNs to commence laying eggs for the next generation. On day 45, in four infected cultivars, 

the reproduction of RKNs was apparent in root systems (section 4.3). The statistical analysis indicated 

that number of eggs in the root system of cultivar C4 was significantly higher than in C3 cultivar 

(resistance cultivar which had no eggs) (P < 0.05) while this number was similar to that observed in the 

other three cultivars C1, C2, and C5 (P > 0.05) (Figure 4.14). The number of eggs laid by RKNs was 

approximate twice the number of eggs the C4 test plants were inoculated with.  In contrast, in C1, C2, 

and C5, the number of eggs was approximately the same as the inoculated number (2,500). This finding 

indicated that C4 was the best host for the reproduction of RKNs while C3 was entirely resistant to 
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RKNs reproduction. The other three cultivars C1, C2, C5, were both affected and behaved as a host for 

RKN reproduction. 

  

Figure 4.14 Number of RKN eggs (Mean ± SD) in inoculated plants on days 28 and 45. (The bars 
with different letters are significantly different) 

The microscopic illustration of RKN eggs from infected tomato plants (Figure 4.15 ) shows that the 

majority of them were between the two early stages in a 4-stage development process. This meant 

that on day 45, female RKNs were probably still laying eggs and the maximum number of eggs per root 

system could have been much more if the study could be conducted for a more extended period. A 

longer period experiment is required to confirm the reproduction of RKNs on the host root systems.  

 

Figure 4.15 Egg of RKN developmental stages examined by light microscopy at (10x) magnification 
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There were no eggs present in the root system of cultivar C3. This result was compatible with the other 

findings that provide solid to show that cultivar C3 was entirely resistant to RKNs. Also, it could grow 

better in the RKN infected soil. 
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Chapter 5 

Conclusions 

The growth and development of five tomato cultivars were significantly different in the 45-day 

greenhouse study, and the interaction between RKNs and each of the five cultivars were significantly 

different. Tomato Black Cherry Striped was fully resistant to RKN damage.  This cultivar grew better 

when inoculated with the RKN. In contrast, Tomato Russian Red was the most susceptible cultivar, and 

a significant reduction in growth occurred when exposed to the RKNs. Tomato Oxheart was 

intermediately affected by RKNs on its development, and the measured indices showed that it was the 

best host for RKN reproduction. Tomato Marmande and Black from Tula cultivars were also somewhat 

affected by RKNs, but less suitable than that of cultivar Oxheart for RKN reproduction. In control plants 

without exposure to the effects of RKNs, Tomato Oxheart was the fastest-growing variety while 

Tomato Russian Red and Black Cherry Striped were the slowest. 

Long-term future studies are required to fully understand the resistant effects of the tomato cultivar 

Black Cherry Striped against RKNs. With these current results on the cultivar Black Cherry Striped, it 

has shown the potential to be a good choice for large and small scale tomato growers in NZ having 

RKN issues.  

The overall outcomes of this study indicate that current commercially available tomato cultivars 

behave differently against RKN. This information can be utilized when recommending tomato cultivars 

for tomato growers in NZ having issues with RKN. But, additional greenhouse and also field trials need 

to be conducted before being able to offer appropriate cultivar recommendations to tomato growers 

in NZ. This research is the first of it's kind to be conducted in NZ.  This study would enable scientists to 

extend these findings on tomato cultivars to develop appropriate management strategies in the future 

to mitigate RKN damage to tomato. Based on the findings from this research, potential future research 

can be speculated, and some of that is described in chapter 6.    
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Chapter 6 

Future Recommendations 

Based on the findings and time limitation of this study, there are some challenges and potential 

opportunities future research could explore. 

6.1 Opportunities 

The next steps in the development of a RKN resistance cultivar should be applied with the variety 

Tomato Black Cherry Striped, including: 

- Qualifying the resistance ability to confirm the continuum of its host response to the attack of 

RKNs; 

- Conducting further studies to evaluate the duration of the resistance; 

- Applying genetic engineering to identify a gene or group of genes responsible for the 

resistance that would enable the development of a commercial resistance cultivar that would 

also produce larger and juicier tomatoes; 

- Once the resistance genes have been defined, conducting further researches on the 

transformation of resistance genes to the top-performing varieties to optimize their 

characteristics effectivity. 

6.2 Challenges 

This study had some constraints which require further research to widen and strengthen the findings, 

such as: 

- Extending the observation time to evaluate the long-time impact of RKNs on the entire life 

cycle of each cultivar. This should include the evaluation of all development factors, the yield 

loss of susceptible varieties, the positive impacts of resistance cultivar, and the effects on the 

quality and quantity of the tomatoes produced. Such studies could include an effort to 

determine if there is any resistance ability in less damaged varieties such as Marmande, 

Oxheart and Black from Tula. 
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- Further studies could include an evaluation of sunlight profile, including the optimal time of 

exposure to the sun for optimal development of cultivars in both control and RKN inoculated 

plants. 

- Future studies should avoid using commercial mixed potting. It is not consistent due to the 

high percentage of organic matter and the premix of granulate chemical fertilisers, which could 

affect the growth and development of the cultivars tested. 
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Appendix A 

Plant height and number of branches of cultivars after 28 and 45 days 

A.1 28 Days: Plant height and number of branches during the experiment  

Table A.1.1 Plant height and number of branches in control and test (nematode inoculated) 

tomato cultivar plants during 28 days of the experiment of five replicates (R1 - R5) 

Days  H B H B H B H B H B H B H B H B H B H B 
Rep. 1 R1.C1.(-) R1.C1.(+) R1.C2.(-) R1.C2.(+) R1.C3.(-) R1.C3.(+) R1.C4.(-) R1.C4.(+) R1.C5.(-) R1.C5.(+) 

0 25 0 20 0 15 0 10 0 10 0 15 0 40 2 35 1 15 0 20 0 
3 40 2 30 0 25 0 15 0 25 0 25 0 65 3 50 3 30 0 35 1 

10 90 5 60 2 55 3 25 2 55 2 55 3 120 5 100 5 60 2 65 2 
15 145 6 80 4 90 5 35 2 95 4 90 4 190 7 140 6 100 4 80 3 
21 225 8 125 6 170 8 60 4 210 5 170 6 270 9 220 8 180 6 110 5 
28 240 10 150 8 190 9 75 6 230 9 220 9 290 10 270 10 220 8 140 7 

Rep. 2 R2.C1.(-) R2.C1.(+) R2.C2.(-) R2.C2.(+) R2.C3.(-) R2.C3.(+) R2.C4.(-) R2.C4.(+) R2.C5.(-) R2.C5.(+) 
0 25 0 30 0 15 0 20 0 15 0 15 0 40 2 30 0 25 0 25 0 
3 35 1 40 2 15 0 25 0 15 0 15 0 60 3 45 2 40 2 35 1 

10 70 3 70 3 30 2 40 3 40 2 40 3 125 6 80 4 70 3 60 2 
15 120 5 105 5 60 4 55 4 80 4 80 3 190 7 120 5 120 4 95 4 
21 210 7 190 7 150 7 100 6 160 6 200 6 270 9 170 7 220 6 140 6 
28 260 9 230 9 180 9 130 8 200 8 230 10 300 11 200 10 220 8 200 9 

Rep. 3 R3.C1.(-) R3.C1.(+) R3.C2.(-) R3.C2.(+) R3.C3.(-) R3.C3.(+) R3.C4.(-) R3.C4.(+) R3.C5.(-) R3.C5.(+) 
0 30 0 25 0 25 0 20 0 15 0 15 0 35 1 40 2 15 0 25 0 
3 45 2 40 2 40 2 30 0 20 0 20 0 50 3 65 3 20 0 40 1 

10 85 4 75 4 60 3 40 2 55 3 35 2 110 5 90 5 55 2 80 3 
15 140 5 120 5 90 5 55 3 85 4 60 4 165 6 125 5 90 3 115 5 
21 260 8 220 8 190 7 80 5 170 6 140 6 260 9 200 8 140 6 180 7 
28 260 10 230 10 210 9 90 6 200 8 180 8 290 10 240 10 200 8 210 8 

Rep. 4 R4.C1.(-) R4.C1.(+) R4.C2.(-) R4.C2.(+) R4.C3.(-) R4.C3.(+) R4.C4.(-) R4.C4.(+) R4.C5.(-) R4.C5.(+) 
0 20 0 35 1 20 0 20 0 25 0 10 0 40 2 40 2 25 0 35 1 
3 45 2 50 2 30 0 30 0 35 1 20 0 60 3 60 3 40 2 45 2 

10 85 4 80 4 55 3 45 3 60 3 50 2 130 5 110 5 75 4 80 4 
15 140 5 115 5 100 5 55 4 115 4 95 3 190 7 170 6 110 5 110 5 
21 220 8 250 7 190 8 85 5 170 6 280 6 300 10 180 10 200 8 190 7 
28 240 9 270 9 210 9 110 7 190 8 280 9 330 12 250 12 230 10 220 10 

Rep. 5 R5.C1.(-) R5.C1.(+) R5.C2.(-) R5.C2.(+) R5.C3.(-) R5.C3.(+) R5.C4.(-) R5.C4.(+) R5.C5.(-) R5.C5.(+) 
0 35 1 30 1 20 0 25 1 15 0 15 0 40 2 35 1 35 1 25 0 
3 50 2 40 2 30 1 35 2 25 0 20 0 60 3 50 2 50 2 35 1 

10 90 4 85 3 55 3 60 4 55 3 50 4 110 5 100 4 100 4 75 4 
15 150 5 125 4 100 4 90 5 85 4 90 4 180 7 135 6 135 5 95 5 
21 250 8 200 5 190 7 140 7 170 6 180 6 260 9 230 8 230 8 160 6 
28 280 10 230 8 220 9 180 9 210 7 210 8 320 10 250 10 260 10 200 9 

H: Plant height (mm)  B: Number of branches           
(-): Control plants (+): Test (nematode inoculated) plants 
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R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
 

A.2 45 days: Plant height and number of branches during the experiment 

Table A.2.1  Plant height and number of branches in control and test (nematode inoculated) 

tomato cultivar plants during 45 days of the experiment of three replicates (R6 – R8) 

Rep. 6 R6.C1.(-) R6.C1.(+) R6.C2.(-) R6.C2.(+) R6.C3.(-) R6.C3.(+) R6.C4.(-) R6.C4.(+) R6.C5.(-) R6.C5.(+) 
0 35 1 15 0 20 0 20 0 20 0 15 0 35 1 40 1 30 0 30 0 
3 50 2 20 0 30 1 30 1 30 1 20 0 50 2 60 2 40 1 45 1 

10 90 4 30 2 50 3 40 2 70 4 45 3 90 4 100 4 80 3 75 3 
15 140 5 30 2 90 4 55 4 115 5 85 4 135 5 120 5 110 4 100 4 
21 240 8 25 2 170 7 90 5 190 6 200 6 240 9 190 7 200 7 150 6 
28 280 11 25 2 200 8 120 7 220 8 240 9 290 11 220 9 230 8 180 7 
35 360 12 25 0 230 10 190 9 250 9 390 10 390 14 280 10 330 10 280 9 
42 470 12 dead 300 11 280 12 300 10 460 11 520 18 370 14 460 12 380 11 
45 480 14 dead 330 11 320 14 350 10 510 11 580 21 400 14 540 16 440 12 

Rep. 7 R7.C1.(-) R7.C1.(+) R7.C2.(-) R7.C2.(+) R7.C3.(-) R7.C3.(+) R7.C4.(-) R7.C4.(+) R7.C5.(-) R7.C5.(+) 
0 20 0 30 0 25 0 20 0 15 0 20 0 45 2 40 1 20 0 20 0 
3 25 0 50 1 35 1 30 1 25 0 35 1 75 3 65 2 30 1 35 0 

10 90 3 80 3 55 3 35 3 55 2 55 3 130 5 110 4 70 2 50 2 
15 140 5 105 4 85 4 50 3 105 4 90 4 195 7 150 6 100 4 70 3 
21 215 7 170 7 150 7 75 5 180 6 190 5 270 9 220 7 180 7 100 4 
28 240 8 200 9 170 8 90 6 200 7 240 8 300 10 250 10 220 9 120 6 
35 300 10 260 10 210 9 140 8 260 8 350 10 380 12 360 14 360 11 200 8 
42 400 13 310 11 310 15 210 10 340 10 440 10 530 18 450 16 460 12 310 9 
45 420 15 330 11 350 15 220 10 400 11 510 11 600 19 490 17 530 13 360 10 

Rep. 8 R8.C1.(-) R8.C1.(+) R8.C2.(-) R8.C2.(+) R8.C3.(-) R8.C3.(+) R8.C4.(-) R8.C4.(+) R8.C5.(-) R8.C5.(+) 
0 20 0 25 0 15 0 20 0 20 0 20 0 35 1 30 0 25 0 20 0 
3 35 1 45 1 25 0 30 1 25 0 30 1 60 3 50 2 40 1 30 0 

10 90 3 70 2 40 3 50 3 55 3 60 3 130 5 85 4 75 3 60 2 
15 125 5 90 4 65 4 60 4 100 4 90 4 210 7 120 5 110 5 85 4 
21 200 8 130 6 140 6 90 6 200 7 175 6 300 9 180 7 180 7 140 6 
28 230 9 140 8 180 9 105 7 210 9 230 8 330 11 240 9 230 9 180 9 
35 290 10 200 10 270 11 170 9 270 10 350 9 400 16 340 12 320 10 290 11 
42 340 13 250 10 360 13 200 12 370 12 440 12 520 22 460 16 420 13 410 12 
45 370 14 280 12 380 13 220 13 440 14 490 12 620 24 520 19 480 17 470 12 

H: Plant height (mm)  B: Number of branches           
(-): Control plants (+): Test (nematode inoculated) plants 
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
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Appendix B 

Shoot weights of tomato cultivars on days 28 and 45 

B.1 Day 28: Shoot weights of tomato cultivars 

For all shoot samples, the same kind of paper bag was used for drying. The average blank weight of a 

paper bag was 7.75 g. 

Table B.1.1 Shoot weight of control tomato cultivars on day 28 

Replicate 

Gross weight Net weight 

C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) 

R1 9.92 9.32 9.20 9.71 9.40 2.17 1.57 1.45 1.96 1.65 
R2 9.54 9.09 9.06 9.52 9.33 1.79 1.34 1.31 1.77 1.58 
R3 9.74 9.52 8.99 9.89 8.87 1.99 1.77 1.24 2.14 1.12 
R4 9.23 9.97 8.81 10.10 9.76 1.48 2.22 1.06 2.35 2.01 
R5 9.59 9.58 8.93 9.89 10.01 1.84 1.83 1.18 2.14 2.26 

Mean    1.85 1.75 1.25 2.07 1.72 
SD   0.26 0.33 0.15 0.22 0.44 

(-): Control plants  
R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
  

Table B.1.2 shoot weight of inoculated tomato cultivars on day 28 

Replicate 

Gross weight Net weight 

C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 

R1 8.34 7.96 9.07 9.15 8.58 0.59 0.21 1.32 1.40 0.83 
R2 9.04 8.29 9.02 8.32 8.58 1.29 0.54 1.27 0.57 0.83 
R3 9.66 7.99 8.73 9.14 9.35 1.91 0.24 0.98 1.39 1.60 
R4 9.56 8.08 9.02 10.19 9.45 1.81 0.33 1.27 2.44 1.70 
R5 8.80 8.81 9.00 9.36 8.74 1.05 1.06 1.25 1.61 0.99 

Mean  1.33 0.48 1.22 1.48 1.19 
SD  0.55 0.35 0.14 0.67 0.43 

(+): Test (nematode inoculated) plants  
R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
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B.2 Day 45: Shoot weights of tomato cultivars 

For all samples of shoots, the same kind of paper bag was used for drying. The average blank weight 

was 7.75 g 

Table B.2.1 Shoot weight of control tomato cultivars on day 45 

Replicate 

Gross weight Net weight 

C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) 

R6 16.46 14.00 11.86 17.91 18.13 8.91 6.45 4.31 10.36 10.58 
R7 15.06 14.10 13.47 14.80 17.34 7.51 6.55 5.92 7.25 9.79 
R8 15.48 15.94 14.47 17.48 17.76 7.93 8.39 6.92 9.93 10.21 

Mean  8.12 7.13 5.72 9.18 10.19 
SD  0.72 1.30 0.71 1.90 0.30 

(-): Control plants  
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
  

Table B.2.2 Shoot weight of inoculated tomato cultivars on day 45 

Replicate 

Gross weight Net weight 

C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 

R6 7.75 11.81 15.53 12.54 12.80 0.20 4.26 7.98 4.99 5.25 
R7 13.94 9.34 15.19 13.08 11.16 6.39 1.79 7.64 5.53 3.61 
R8 10.24 11.83 14.81 13.37 14.50 2.69 4.28 7.26 5.82 6.95 

Mean  4.54 3.44 7.63 5.45 5.27 
SD  2.62 1.76 0.27 0.21 2.36 

(+): Test (nematode inoculated) plants  
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
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Appendix C 

Root weights of tomato cultivars on days 28 and 45 

C.1 Day 28: Root weights of tomato cultivars 

For all root samples, the same kind of paper bag was used for drying. The average blank weight of a 

paper bag was 7.75 g. 

Table C.1.1 Root weight of control tomato cultivars on day 28 

Replicate 

Gross weight Net weight 

C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) 

R1 8.08 8.12 8.04 8.06 8.06 0.33 0.37 0.29 0.31 0.31 
R2 8.09 7.96 8.02 8.12 8.13 0.34 0.21 0.27 0.37 0.38 
R3 8.09 7.99 7.98 8.05 7.96 0.34 0.24 0.23 0.30 0.21 
R4 7.98 8.26 8.08 8.20 8.18 0.23 0.51 0.33 0.45 0.43 
R5 8.09 8.21 8.14 8.16 8.27 0.34 0.46 0.39 0.41 0.52 

Mean  0.32 0.36 0.30 0.37 0.37 
SD  0.05 0.13 0.06 0.06 0.12 

(-): Control plants  
R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
  

Table C.1.2 Root weight of inoculated tomato cultivars on day 28 

Replicate 

Gross weight Net weight 

C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 

R1 8.10 7.92 7.90 8.34 8.00 0.35 0.17 0.15 0.59 0.25 
R2 8.12 8.00 8.13 8.16 8.00 0.37 0.25 0.38 0.41 0.25 
R3 8.33 8.03 8.07 8.18 8.12 0.58 0.28 0.32 0.43 0.37 
R4 8.26 8.09 8.01 8.40 8.25 0.51 0.34 0.26 0.65 0.50 
R5 8.11 8.15 8.14 8.17 8.16 0.36 0.40 0.39 0.42 0.41 

Mean  0.43 0.29 0.30 0.50 0.36 
SD  0.10 0.09 0.10 0.11 0.11 

(+): Test (nematode inoculated) plants  
R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
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C.2 Day 45: Root weights of tomato cultivars 

For all root samples, the same kind of paper bag was used for drying. The average blank weight of a 

paper bay was 7.75 g. 

Table C.2.1 Root weight of control tomato cultivars on day 45 

Replicate 

Gross weight Net weight 

C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) 

R6 8.95 8.54 9.18 8.90 9.15 1.40 0.99 1.63 1.35 1.60 
R7 8.73 8.58 8.94 8.96 9.21 1.18 1.03 1.39 1.41 1.66 
R8 8.85 8.86 9.13 9.26 9.00 1.30 1.31 1.58 1.71 1.45 

Mean  1.29 1.11 1.53 1.49 1.57 
SD  0.11 0.20 0.13 0.21 0.15 

(-): Control plants  
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
  

 Table C.2.2 Root weight of inoculated tomato cultivars on day 45 

Replicate 

Gross weight Net weight 

C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 

R6 7.55 8.52 9.03 9.36 9.27 0.00 0.97 1.48 1.81 1.72 
R7 9.18 8.36 9.17 9.50 8.49 1.63 0.81 1.62 1.95 0.94 
R8 8.52 8.76 9.09 9.15 8.80 0.97 1.21 1.54 1.60 1.25 

Mean  1.30 1.00 1.55 1.79 1.30 
SD  0.82 0.28 0.06 0.25 0.22 

(+): Test (nematode inoculated) plants  
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
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Appendix D 

Root gall indices on days 28 and 45 

D.1 Root gall indices on day 28 

Table D.1.1 Root gall indices of all tomato cultivars on day 28 

Gall index C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 
R1 0 0 0 0 0 8 9 0 7 8 
R2 0 0 0 0 0 5 7 0 8 6 
R3 0 0 0 0 0 5 9 0 5 0 
R4 0 0 0 0 0 3 9 0 4 5 
R5 0 0 0 0 0 5 7 0 5 8 

Mean 0.00 0.00 0.00 0.00 0.00 5.2 8.2 0.00 5.8 5.4 
SD 0.00 0.00 0.00 0.00 0.00 1.79 1.10 0.00 1.64 3.29 

(-): Control plants (+): Test (nematode inoculated) plants 
R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
  

D.2 Root gall indices on day 45 

Table D.2.1 Root gall indices of all tomato cultivars on day 45 

Gall index C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 
R6 0 0 0 0 0 No root 8 0 6 8 
R7 0 0 0 0 0 7 9 0 8 6 
R8 0 0 0 0 0 7 8 0 5 5 

Mean 0.00 0.00 0.00 0.00 0.00 7.00 8.33 0.00 6.33 6.33 
SD 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.00 1.53 1.53 

(-): Control plants (+): Test (nematode inoculated) plants 
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 

 

 

 

 

 



 48

Appendix E 

Number of root-knot nematode eggs on days 28 and 45 

E.1 Number of root-knot nematode eggs on day 28 

Table E.1.1 Number of RKN eggs in the roots of tomato cultivars on day 28 

Eggs/root C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 
R1 0 0 0 0 0 0 0 0 0 0 
R2 0 0 0 0 0 0 0 0 0 0 
R3 0 0 0 0 0 0 0 0 0 0 
R4 0 0 0 0 0 0 24 0 40 0 
R5 0 0 0 0 0 0 56 0 0 0 

Mean 0.00 0.00 0.00 0.00 0.00 0.00 16.00 0.00 8.00 0.00 
SD 0.00 0.00 0.00 0.00 0.00 0.00 24.66 0.00 17.89 0.00 

(-): Control plants (+): Test (nematode inoculated) plants 
R1 – R5: Replicate 1 to 5 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 
  

E.2 Number of root-knot nematode eggs on day 45  

Table E.2.1 The number of RKN eggs in the roots of tomato cultivars on day 45 

Eggs/root C1.(-) C2.(-) C3.(-) C4.(-) C5.(-) C1.(+) C2.(+) C3.(+) C4.(+) C5.(+) 
R6 0 0 0 0 0 No root 1880 0 5600 4040 
R7 0 0 0 0 0 3840 2560 0 4000 160 
R8 0 0 0 0 0 1480 2440 0 4160 1920 

Mean 0.00 0.00 0.00 0.00 0.00 2660.00 2293.33 0.00 4586.67 2040.00 
SD 0.00 0.00 0.00 0.00 0.00 1668.77 362.95 0.00 881.21 1942.78 

(-): Control plants (+): Test (nematode inoculated) plants 
R6 – R8: Replicate 6 to 8 C1: Cultivar 1 (Tomato Marmande) 
C2: Cultivar 2 (Tomato Russian Red) C3: Cultivar 3 (Tomato Black Cherry Striped) 
C4: Cultivar 4 (Tomato Oxheart) C5: Cultivar 5 (Tomato Black from Tula) 

 

 


