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ABSTRACT 

 

 

Population Dynamics and Management of Plant-Parasitic Nematodes in 

Commercial Strawberry (Fragaria x ananassa) Fields of Southern and Eastern 

Ontario 

 

John Patterson       Advisor:  

University of Guelph, 2015      Dr. K. S. Jordan 

 

 Plant parasitic nematodes (PPN) are significant pests that parasitize the roots of 

strawberry plants and cause both direct damage and indirect damage through reduced 

stress tolerance. Studies were conducted to compare nematode extraction protocols, 

assess population dynamics of PPN within southern and eastern Ontario, assess 12 

strawberry cultivars for their resistance to parasitism by Meloidogyne hapla and 

Pratylenchus spp. and to assess the efficacy of potential PPN management products. 

The Baermann pan method extracted more Pratylenchus than the sugar centrifugation 

method but there was no difference between the two when extracting Meloidogyne from 

the soil. The nematode genera Meloidogyne and Pratylenchus were present in 42 and 

86% of the fields surveyed, respectively. Two cultivars were found to be resistant to M. 

hapla. The chemical results of the nematicide trial showed some efficacy of fluensulfone 

but nematode populations were too low to make any other conclusions. 
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CHAPTER 1: GENERAL INTRODUCTION AND OBJECTIVES 

 

1.1 General Introduction 

Strawberry production in Canada is a multimillion dollar industry with a farmgate 

value of $18 million CDN as of 2013 (OMAFRA, 2014). The cultivated strawberry 

(Fragaria x ananassa Duch) can be parasitized by plant parasitic nematodes (PPN) 

which are known to cause a reduction in strawberry yield by as much as 30 to 60% 

(Mahdy and Midan, 2011; LaMondia, 1999a). Two PPN genera known to parasitize 

strawberries are Pratylenchus and Meloidogyne. Pratylenchus penetrans (Cobb) Filipjev 

(root lesion nematode) is the most common PPN in northeastern North America 

(Townshend et al., 1966; Kimpinski, 1985; Belair and Khanizadeh, 1994; LaMondia, 

2002) and can significantly decrease the yield of a strawberry field (LaMondia, 1999a). 

It also has a broad host range and can parasitize many different crops and weeds 

(Townshend and Davidson, 1960; Townshend et al., 1966; Belair et al., 2007). 

Meloidogyne hapla Chitwood (northern root-knot nematode) is another PPN that is 

damaging to strawberry crops. Though not having as broad a host range as P. 

penetrans, it is still able to parasitize many different species of plants.  

Previous surveys conducted in Ontario found that PPN are present in agricultural 

fields of southern Ontario (Potter and Townshend, 1973; Marks et al., 1973). However, 

no survey has been conducted specifically on PPN populations within strawberry fields 

in the province.  
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Methods for extracting PPN from the soil are an important tool to properly predict 

the potential severity of PPN feeding within a strawberry field (Shurtleff and Averre III, 

2000). Different soil extraction methods will lead to different values of PPN present in 

fields. Thus, it is important to test and compare the various extraction methods available 

to better characterize PPN populations within a field. As many treatment decisions are 

based on published threshold values for damage, using an extraction method that 

accurately predicts the presence of PPN, Meloidogyne spp. and Pratylenchus spp. 

populations, from both the soil and strawberry roots is key in the development of 

recommendations for these pests.  

Strawberry cultivars have been found to differ in their susceptibility to parasitism 

by both Pratylenchus penetrans (Szczygiel, 1981a; Dale and Potter, 1998; Pinkerton 

and Finn, 2005) and Meloidogyne hapla (Szczygiel, 1981b; Khanizadeh et al., 1994; 

Pinkerton and Finn, 2005). A study performed by Dale and Potter (1998) discovered 

significant differences in the resistance of strawberry cultivars to P. penetrans 

parasitism. Though the study identified a few resistant cultivars (Dale and Potter, 1998), 

many new cultivars have since been developed and are planted by Ontario strawberry 

growers. These cultivars have not been tested for their ability to resist P. penetrans 

parasitism. Many cultivars grown in Ontario also have not been tested for their 

susceptibility to Meloidogyne hapla.  

Soil fumigants are one of the tools used to manage PPN populations within the 

soil before planting (Zasada et al., 2010), but many of these products are no longer 

available in Ontario (PMRA, 2010). For example, the fumigant 1, 3-dichloropropene has 

often been used with chloropicrin in a pre-plant treatment to control soil-born fungal 
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diseases and nematode parasites (Dow AgroSciences, 2012). However, since 2011, 1, 

3-dichloropropene is no longer sold in Canada (PMRA, 2010). There are other chemical 

fumigants available but they are costly for farmers to apply and have the potential to 

negatively impact the soil ecology and cause environmental harm (Dungan et al., 2003; 

Wang et al., 2010).  

 

1.2 Objectives and Hypothesis  

 Plant parasitic nematodes are a potential problem for the strawberry industry of 

Ontario and therefore, in an attempt to clarify various issues surrounding these 

parasites, three separate studies were conducted to meet the following objectives:  

Objective 1:  Optimize PPN extraction protocols to find the most efficient 

extraction method for extracting nematodes from the roots 

and soil of strawberry fields. 

Objective 2:  Characterize the PPN populations in strawberry fields of 

southern and eastern Ontario. 

Objective 3: Assess strawberry cultivars for their resistance and tolerance 

to PPN. 

Objective 4: Investigate options alternative to fumigation for the 

management of PPN in strawberries.  

The first study was a comparison of PPN extraction methods. It was 

hypothesised that nematode extraction protocols would differ in their ability to efficiently 

extract populations of PPN from the soil and roots of plants in strawberry fields. The 
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goal of this study was to develop soil and root nematode extraction protocols to aid in 

the detection of nematode populations within a strawberry field.  

The second study consisted of a survey of strawberry fields in southern and 

eastern Ontario. It was hypothesised that the genus Pratylenchus will be the dominant 

PPN found in strawberry fields in southern and eastern Ontario and PPN populations 

could be correlated with soil properties and farming practices. The goal of this study 

was to observe any potential correlations with strawberry field practices in relation to 

PPN populations.  

The third study was conducted to determine the resistance and tolerance of 

strawberry cultivars to Pratylenchus spp. or Meloidogyne hapla PPN. The hypothesis of 

this study was that strawberry cultivars would show significant differences in resistance 

and tolerance to parasitism by Meloidogyne hapla and Pratylenchus spp.  

The fourth study investigated the efficacy of products other than conventional 

fumigants to manage the populations of Meloidogyne hapla on strawberries. The 

hypothesis of this study was that products alternative to fumigation would reduce PPN 

populations equivalent to commercial nematicides.  

 

  



 

 5  

CHAPTER 2: LITERATURE REVIEW 

 

2.1 Strawberry Cultivation in Southern and Eastern Ontario 

The cultivated strawberry, Fragaria x ananassa Duch was developed from 1714-

1756 in Europe when F. chiloensis Duch (from Chile) was grown in the same field with 

F. virginiana Duch (from the eastern USA) and allowed to hybridize (Duchesne, 1768 as 

sited in Hancock et al., 1991). The hybrid formed from the natural crossing of these two 

species of strawberry and was cultivated due to its large fruit size, high yield and 

hardiness (Duchesne, 1768 as sited in Hancock et al., 1991). Today strawberries are 

cultivated worldwide with the largest production (in metric tonnes) in the USA followed 

by Spain and Turkey (USDA, 2010). Canada’s strawberry industry is smaller and ranked 

25th in the world (USDA, 2010) with production at around 20 thousand tonnes or $61 

million CDN in 2008 (Agriculture and Agri-Food Canada, 2010).  

The strawberry plant is a herbaceous perennial that propagates by the 

production of above ground stems called stolons. The plant produces stolons from 

axillary buds located in the crown of the plant during long day environments with 

daughter plants developing at the nodes of the stolon. A strawberry plant can produce 

10 to 15 stolons in a season which in turn can produce up to 100 genetically identical 

daughter plants at the end of a branch on the stolon (Dale et al., 2000). The stolon will 

continue to transfer water and nutrients to the daughter plant until it is disconnected 

(Dale et al., 2000). Flowers develop on a branched terminal cyme inflorescence that can 

contain up to 31 flowers, with the flowers and fruit at the top of the inflorescence 

developing before those situated at the bottom (Dale et al., 2000). The floral buds are 
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initiated in late August and emerge during the following spring (LaMondia, 1999b). 

Flowers can be pollinated by the wind or by insects (Dale et al., 2000). A fruit takes 

approximately 30 days to mature from a flower after pollination, although this can 

change depending on temperature (Dale et al., 2000).  

In Ontario two general types of strawberry cultivars are used, with each having 

their own type of cropping system: the June-bearing and the newer day-neutral. June-

bearing cultivars are transplanted in late April to early May (Dale et al., 2000) and are 

left to grow for a year while their flowers and fruit are removed to encourage the plants 

to produce more stolons and daughter plants (Dale et al., 2000). Fruit is then harvested 

from both the mother and daughter plants in the following two to three growing seasons. 

The cultivars that are grown have a peak fruit production period in late spring and early 

summer which differs depending on the cultivar grown. The second type of strawberry 

cultivars grown in Ontario are day-neutral, that produce fruit throughout the growing 

season. Day-neutral cultivars are planted during early summer and for six weeks have 

their flowers removed to increase the size of the plants (Dale et al., 2000). Fruit 

production begins in the fall after planting and continues until frost (Dale et al., 2000). 

Plants are left to overwinter and begin to produce fruit a few days earlier than the early 

June-bearing varieties and continue fruit production in six week cycles (Date et al., 

2000). Day neutral cultivars are becoming more popular since they expand the growing 

season of strawberries in Ontario. 

 There are several pests and diseases that attack strawberry plants and 

decrease both the quantity and quality of yield. Major insect pests include the tarnished 

plant bug and the strawberry clipper weevil, while major diseases include anthracnose, 
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Verticillium wilt, red stele and black root rot (Dale et al., 2000). Black root rot disease is 

a complex of many different organisms including Rhizoctonia fragariae Husain and 

McKeen, Pythium spp. (including Pythium ultimum Trow) and the root lesion nematode 

Pratylenchus spp. Filipjev (Particka and Hancock, 2005). Plant parasitic nematodes 

such as, Pratylenchus spp., affect the plant in a way where there are few above ground 

symptoms visible but they cause a significant reduction in plant growth and yield in 

strawberries (LaMondia, 1999a).  

 

2.2 Plant Parasitic Nematodes 

Nematodes are aquatic roundworms that belong to the phylum Nematoda and 

can be found in almost every location around the world (Perry and Moens, 2006). Most 

of the members of this phylum are free-living and consume fungi, bacteria or alga but 

other species specialize in the parasitism of other organisms. Approximately 15% of the 

nematode species are known to parasitize plants (Perry and Moens, 2006). Nematodes 

contain a nervous system and a digestive tract incorporating a mouth, esophagus, 

intestine and anus but they lack a circulatory system (Perry and Moens, 2006). A 

structure common to all PPN is the stylet, which is a hollow spear-like device used to 

feed on plant tissues (Perry and Moens, 2006). The stylet is a structure that has been 

developed three different times within the phylum by convergent evolution (Perry and 

Moens, 2006).  

The first recorded PPN was found on wheat grains in 1743 (Dropkin, 1980). 

Currently over 200 nematode genera are known or suspected to be plant parasites (Mai 

and Mullin, 1996). Records of nematode pests on strawberries date back to 1941 when 
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Hildebrand and West (1941) found Pratylenchus spp. on strawberry plants that 

displayed root rot symptoms.  

Surveys in the north-eastern United States have found the genera Pratylenchus 

(root lesion) and Meloidogyne Goeldi (root knot) to be the most common nematodes to 

parasitize strawberry plants (LaMondia, 2002). Canadian surveys in PEI (Kimpinski, 

1985), Quebec (Belair and Khanizadeh, 1994), Ontario (Townshend et al., 1966) and in 

the Fraser Valley of British Columbia (McElroy, 1977) found that Pratylenchus 

penetrans (Cobb) Filipjev and Schuurmans Stekhoven was the most common plant 

pathogenic nematode associated with strawberry field soil. Meloidogyne hapla Chitwood 

was also found but in lower frequencies than Pratylenchus spp. (Belair and Khanizadeh, 

1994; Townshend et al., 1966; McElroy, 1977) except in PEI strawberry fields 

(Kimpinski, 1985).  

 

2.2.1 Root Lesion Nematode (Pratylenchus spp.) 

The genus Pratylenchus Filipjev, or root lesion nematode, is the world’s third 

most economically damaging PPN (Castillo and Vovlas, 2007). Nematodes within the 

genus Pratylenchus are migratory endo-parasites that feed on cortical parenchyma cells 

of plant roots (Castillo and Vovlas, 2007). Currently 68 species belong to this genus 

(Castillo and Vovlas, 2007), including Pratylenchus penetrans (Cobb) Filipjev and 

Schuurmans Stekhoven, the most common nematode parasite of strawberries in north-

eastern USA (LaMondia, 2002), PEI (Belair and Khanizadeh, 1994), Quebec (Kimpinski, 

1985) and Ontario (Townshend et al., 1966). In Canada, 11 different Pratylenchus 
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species have been recorded with 10 of those species found in Ontario (Yu, 2008). Of 

these P. crenatus, P. neglectus, P. penetrans and P. pratensis are known to parasitize 

strawberry (Yu, 2008).  

Pratylenchus spp. can be identified to genus by certain morphological 

characteristics (Figure 1.1). They have a very strong but short stylet that can range from 

14-19 µm long (Mai and Mullin 1996). Their head is flat and the lips protrude in a way 

that makes them look like a bottle cap. Also, the light coloured esophagus overlaps the 

dark-coloured intestines ventrally (from the bottom).   

 

 

Figure 2.1. Photographs of Pratylenchus spp.: (A) female; (B) male. Photos were taken 

using an Olympus DP71 digital camera mounted on an Olympus BX51 microscope 

(Olympus Canada Inc., Richmond Hill, ON, CA).  

  

Pratylenchus penetrans alone can cause significant yield loss to strawberries 

(LaMondia, 1999a), but it has also been associated with the disease complex called 

A B

100 µm 100 µm
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black root rot in combination with other fungi such as Rhizoctonia fragariae (LaMondia, 

1999a) and Pythium spp. (Nemec and Sanders, 1970). The two organisms Rhizoctonia 

fragariae and Pratylenchus penetrans have been found to work synergistically to greatly 

reduce the berry yield of strawberry plants (LaMondia, 1999a). The most challenging 

aspect of this nematode is its ability to parasitize a variety of plant species. P. penetrans 

has been found to parasitize a variety of crops including tree fruits, potatoes, carrots, 

peas, grains and grapes (Yu, 2008). In a survey of strawberry fields containing high 

populations of P. penetrans in the Niagara peninsula of Ontario, 55 species of weeds 

were found to contain populations of P. penetrans in their roots, with 25 species 

containing over 1000 nematodes per gram of root (Townshend and Davidson, 1960). 

When 24 different weed species were grown in isolated pots inoculated with P. 

penetrans, nine were found to contain nematode populations that increased from the 

initial inoculum levels (Belair et al., 2007). The study found weed species host to P. 

penetrans were part of a variety of plant families and genera, although 63% came from 

the Asteraceae and Brassicaceae families (Townshend and Davidson 1960). Due to the 

high diversity of susceptible plants affected by Pratylenchus spp. parasitism, crop 

rotations are quite difficult in reducing the populations of this nematode and even if a 

rotation is performed with a resistant crop it must also be accompanied with proper 

weed control to reduce the number of susceptible hosts within a field.  
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2.2.2 Root-knot Nematode (Meloidogyne spp.) 

Meloidogyne spp. Geoldi (root-knot nematode) cause economic loss to a variety 

of crops worldwide and have a very large host range. Members of the genera are endo-

parasites but unlike Pratylenchus, when fully developed, the female is sedentary and 

does not move throughout the root (Perry and Moens, 2006). The most characteristic 

symptom of this nematode is the galling on the roots of plants in which numerous 

mature females are contained (Perry and Moens, 2006). Gall-forming nematodes were 

first described by Berkeley in 1855 (Lamberti and Taylor, 1979). This nematode would 

receive many names and classifications until it was given the genus Meloidogyne by 

Goeldi in 1892 and later reinstated by Chitwood in 1949 (Lamberti and Taylor, 1979). 

There are approximately 89 to 106 species belonging to the genus Meloidogyne but the 

most prominent species are M. arenaria, M. incognita and M. javanica (Perry and 

Moens, 2006). The habitats of these species of nematodes are restricted to tropical and 

semitropical regions (Perry and Moens, 2006). Meloidogyne hapla Chitwood is less 

common world-wide and resides in many temperate locations around the world as well 

as areas of high elevation within tropical latitudes (Perry and Moens, 2006). M. hapla is 

the primary root-knot nematode species found in strawberry in Quebec (Kimpinski, 

1985), north-eastern USA (LaMondia, 2002) and Ontario (Townshend et al., 1966). 

Although this species of nematode has a large host range, it rarely reproduces on 

monocots (Perry and Moens, 2006).  

 Nematodes within the genus Meloidogyne have a unique life cycle and feeding 

pattern. M. hapla eggs are usually deposited in a gelatinous matrix on the outside of the 

host root by the female, which can lay around 30-80 eggs per day (Perry and Moens, 
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2006). The gelatinous matrix protects the eggs from desiccation and reduces the 

penetration of many chemical pesticides and other forms of nematode control 

(Giannakou et al., 2005). Nematode development within the egg is primarily 

temperature dependent and the juvenile performs one stage of moulting within the egg. 

Reacting to temperature and other stimuli, the eggs hatch and then the second stage 

juveniles emerge (Perry and Moens 2006). The newly hatched juvenile needs to find the 

root of a susceptible host plant and begin feeding before the food reserves in its 

esophagus are depleted. This is generally the most susceptible time in its life cycle. The 

nematode usually enters the root tip at the region of elongation (Perry and Moens, 

2006). The juvenile penetrates the root epidermis with its stylet and makes its way into a 

suitable feeding site within the root cortex at the region of differentiation (Perry and 

Moens, 2006). If the site is found to be suitable, the juvenile will continue to feed 

through a complex method. In this respect, the stylet will excrete various proteins that 

cause the nuclei in the phloem or parenchyma cells to replicate without cytokenisis. This 

leads to the development of a large cell in the root called a giant cell. The nematode 

feeds without puncturing the membrane of the cell and when enough nutrients are 

acquired it initiates its second, third and fourth molts into the adult stage and mature 

female (Perry and Moens, 2006). During moulting the female is unable to feed due to 

being encased in the previous skin and having molted away its previous stylet. Once an 

adult, the female nematode has a functional stylet and will continue to feed and cause 

the development of up to 12 giant cells (Perry and Moens, 2006). The female’s body 

swells and cannot move as its body is converted for egg production. Males in 

comparison are vermiform and can live freely in the soil or in the root. Juveniles can 
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change their gender up until the fourth molt in response to food supply, as males 

consume less food than females and remain mobile (Perry and Moens 2006). The entire 

life cycle from hatching to egg laying is temperature-dependent and can be completed 

between 25 to 87 days at 27oC and 16oC, respectively (Lamberti and Taylor 1979).  

 Meloidogyne spp. second stage juveniles differ greatly with the adults stages 

(Figure 1.2).  The second stage juveniles are mobile and vermiform (worm shaped). 

Meloidogyne hapla second stage juveniles have a soft and grey-coloured stylet. The 

heads are rounded and there is slight ventral overlap between the esophagus and the 

intestine. Meloidogyne spp. males are vermiform and large ranging from 600 to 2500 

µm long (Perry and Moens, 2006). They have a stronger, darker stylet then the juveniles 

and have spicules (male sperm delivery organs) at the very end of their tail, which is 

rounded and does not contain a bursa (wing-like expansions of the cuticle used to clasp 

the female during copulation). The females are pear-shaped and immobile when fully 

mature with a large round body with a head and neck protruding from it.  
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Figure 1.2. Photographs of Meloidogyne hapla: (A) female (stained with acid fushsin; 

see Appendix G); (B) male; (C) second stage juvenile. Photos were taken using an 

Olympus DP71 digital camera mounted on an Olympus BX51 microscope (Olympus 

Canada Inc., Richmond Hill, ON, CA).  

 

2.3 Nematode Extraction Methods 

 Pant-parasitic nematodes that parasitize the root usually cause few distinct 

aboveground symptoms on their host plants (Perry and Moens, 2006). Therefore 

farmers rely on sampling soil from their field from which nematodes are extracted and 

enumerated to determine if PPN pose a problem before planting a susceptible crop. 

Extracting nematodes from the soil for identification and counting is therefore an 

100 µm

100 µm

100 µm
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important step to allow the farmer to decide what management practices are needed for 

the field (Shurtleff and Averre III, 2000). 

 Certain methods seem to be more efficient at extracting nematodes depending 

on life stage, mobility and body dimensions. The sugar centrifugation (SC) method is 

one method used to extract nematodes from soil. The method relies on increasing the 

specific gravity of the solution containing soil and nematodes to make the nematodes 

more buoyant (Shurtleff and Averre III, 2000). Usually this is done by adding a sugar 

solution to the soil containing nematodes and running the solution through a centrifuge 

to separate the target nematodes from the soil (Shurtlef and Averre III, 2000).  The 

target nematode stays within the supernatant while the soil particles sink, separating the 

two during the centrifuge cycle (Shurtlef and Averre III, 2000). The supernatant is then 

collected along with the nematodes (Shurtlef and Averre III, 2000).  

Another method to extract nematodes is the Baerman pan method. The method 

involves placing a screen on top of a bowl or plate (Shurtlef and Averre III, 2000). 

Tissue paper or a similar material is placed on top of the screen and a thin layer of the 

soil sample is placed over it (Shurtlef and Averre III, 2000).  The tissue is folded to 

prevent capillary evaporation and water is then poured between the pan edge and the 

tissue until it comes in level with the surface of the tissue (Shurtlef and Averre III, 2000). 

The nematodes are separated from the soil by passing through the tissue and into the 

water and once there they are trapped by gravity and sink to the bottom of the pan 

(Shurtlef and Averre III, 2000). After a set period of time the tissue containing the soil 

and screen are removed and the nematodes are collected in the water left behind in the 

tray (Shurtlef and Averre III, 2000).  
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A study by Harrison and Green (1976) found that the SC method was more 

efficient at extracting the genera Tylenchorhynchus, Paratylenchus, Pratylenchus, 

Trichodorus and Aporcellaimellus from sandy soils compared to the Baermann pan (BP) 

method, but both methods were able to extract the genera Heterodera, Rotylenchus and 

Tylenchus in equal numbers. Another study compared SC to the BP method, but used 

molasses to alter the specific gravity of the solution instead of sugar (Rodriguez-Kabana 

and Pope, 1981). The study found that more Pratylenchus spp. and Meloidogyne spp. 

juveniles were extracted using the BP method than the centrifugal floatation method and 

the BP method was the only extraction method of the two to extract Heterodera glycines 

juveniles (Rodriguez-Kabana and Pope, 1981).  The centrifugal floatation method was 

able to extract more Hoplolaimus galeatus, Helicotylenchus spp. and free living 

nematodes from the soil then the BP method (Rodriguez-Kabana and Pope, 1981).  

 

2.4 Management Options for Nematode Control 

 2.4.1 Chemical Control 

Chemical pesticides used to manage soil populations of nematodes come in two 

types, nonfumigant nematicides and soil fumigants. Non-fumigant nematicides usually 

belong to the organophosphate or carbamate group of pesticides and cause nematodes 

to become disoriented and paralyzed, which prevent the nematodes located in the soil 

from entering the root system of the plant (Giannakou et al., 2005). Chemical soil 

fumigants on the other hand are considered general biocides and contain compounds 
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that kill a broad range of organisms including nematodes and various other soil-borne 

pathogens and pests (Martin, 2003). 

Soil fumigants have been used to manage many soil-borne pathogens and pests 

since their development in 1940 (Zasada et al. 2010). Most soil fumigants are injected 

into the soil as a liquid and upon contact with the moisture, disperse into a gas that 

penetrates pores in the soil. Most are non-target-specific and are used to manage 

weeds, fungi and other soil-borne pathogens and pests, including nematodes. The most 

popular soil fumigant was methyl bromide which was used to manage pathogens and 

pests for high value crops such as strawberry, tomato, grapefruit tree and general 

nursery tree crops (Zasada et al., 2010). However, since methyl bromide was 

discovered to contribute to ozone depletion, its use has been phased out by most 

developed countries that signed the 2005 Montreal Protocol (Zasada et al., 2010). As 

such, methyl bromide has been banned from import, export, manufacturing and use in 

Canada since 2005 except in situations of critical or emergency purposes through the 

critical use exemption (CUE) (Environment Canada, 2010). Methyl bromide is still used 

in the USA, Japan and Australia with the USA using 91% of the CUE approvals in the 

world for high valued crops in 2008 (Zasada et al., 2010). Other chemicals have been 

chosen as replacements to methyl bromide including 1,3-dichloropropene (trade name 

Telone), chloropicrin and methyl isothiocyanate generators (trade names Busan and 

Vapam). Though 1,3-dichloropropene was an effective nematicide (d’Errico et al., 

2011), it is no longer available for use in Canada (PMRA, 2010). Chloropicrin was used 

most commonly as a mixture with 1,3-dichloropropene but is also an effective nematode 

control agent by itself (Spotti et al., 2011). Methyl isothiocyanate generators including 
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the chemicals metam sodium and metam potassium are used as pre-plant soil 

fumigants as well, but have a disadvantage in that they do not distribute evenly in the 

soil leading to variable control results (Martin, 2003).  

Non-fumigant nematicides are also chemical options for controlling nematode 

pests. These chemicals can be used to specifically target nematodes in particular and 

can be separated into nematostatic and non-nematostatic. Nematostatic products cause 

indirect death towards the nematode by paralyzing or confusing it when they are located 

in the soil, which prevents the nematode from locating a suitable host plant (Oka et al., 

2009). Non-nematostatic products on the other hand cause direct death towards the 

nematode (Oka et al., 2009).  

Nematostatic chemicals, usually within the chemical classes of 

organophosphates and carbamates, include products such as aldicarb, carbofuran, 

ethoprophos, fenamiphos, fensulfothion, fosthiazate and oxamyl (Giannakou et al., 

2005; Castillo and Vovlas, 2007). Success of these nematicides is variable in the field 

(Olthof, 1989; Giannakou et al., 2005). In a study by Olthof (1989), two applications of 

oxamyl during and two weeks after planting were able to significantly reduce the 

populations of Pratylenchus penetrans but no significant change in yield was found 

between the oxamyl treated and untreated plots. Applying these nematicides to control 

Meloidogyne spp. nematodes is more difficult as the mucilage layer protects the eggs 

from chemical penetration (Giannakou et al., 2005). Therefore the timing of application 

must coincide with egg hatching to be effective. In a study by Giannakou et al. (2005) 

that compared oxamyl, carbofuran, fenamiphos and fosthiazate, only fosthiazate 

provided significant control of Meloidogyne spp. infection on tomato roots when soil was 
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bioassayed 98 days after treatment. Oxamyl was only able to give significant control 58 

days after treatment when compared to the untreated control, while tomato plants 

treated with the other chemicals in the study did not have a significantly different 

population from the control treatment after 28 days (Giannakou et al., 2005).  

Other non-fumigant nematocides are not nematostatic. One such group of 

chemicals is the fluoroalkenyl group. Fluensulfone [5-chloro-2-(3,4,4-trifluorobut-3-ene-

1-sulfonyl)-thiazole] has nematocidal properties but is less toxic to non-target organisms 

(Oka et al., 2013). Trials in both pot and field studies have shown that the chemical can 

significantly reduce Meloidogyne javanica populations within the soil before planting 

(Oka et al., 2009; Oka et al., 2013). 

Some traditional insecticides are being assessed for their nematocidal properties. 

The chemical abamectin is registered for the control of foliar insect pests but is now 

being investigated for its use in controlling nematode pests in the soil. A study by Qiao 

et al. (2012) found significant control of Meloidoygne incognita on tomato when the soil 

had been treated with an in-furrow drench of 2.5% abamectin applied at a rate of10L 

ha-1 before planting.  

The use of chemical nematicides have a number of disadvantages including the 

cost of application and potential environmental impact (Dungan et al., 2003; Wang et 

al., 2010). Most fumigant nematicides have a broad range of pest control including 

weeds, fungi, nematodes and other soil-born organisms (Dungan et al., 2003). 

Unfortunately the application of these chemicals has been found to reduce levels of 

beneficial soil organisms including those involved in nematode antagonism (Westphal 
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and Becker, 2001; Pyrowolakis et al., 2002). The cost of application of the fumigants is 

also a large deterrent for many strawberry growers.  

 

2.4.2 Non-chemical Methods for Managing Plant Parasitic Nematodes 

Non-chemical methods for managing PPN have the potential to manage PPN 

populations while sustaining the soil for future use. These methods include crop 

rotation, organic amendments and the use of resistant or tolerant cultivars. A number of 

research studies have focused on the use of non-chemical methods to reduce 

nematode populations in agricultural settings.  

 Despite Pratylenchus spp. and Meloidogyne spp. having a large host range, 

certain crops have been found to be non-hosts or have the ability to reduce PPN soil 

populations and could therefore be used in crop rotation to reduce the populations of 

PPN. Most monocots have been found to be non-host species to Meloidogyne hapla 

(Wesemael et al., 2011). Using a grass crop in a rotation to control M. hapla would be a 

good practice but the more common nematode in Ontario, Pratylenchus penetrans, has 

been known to parasitize many species and varieties of grain crops (Yu, 2008). A study 

conducted by LaMondia (1999b) found that the oat cultivars ‘Gary’ (Avena sativa) and 

‘Saia’ (A. strigosa) were both non-hosts for Meloidogyne hapla and the cultivar ‘Saia’ 

lowered Pratylenchus penetrans populations significantly while the cultivar ‘Gary oat’ 

increased P. penetrans populations.  Other non-host plants for both Pratylenchus 

penetrans and Meloidogyne hapla include the sorghum sudan hybrid variety ‘Triple S’ 
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(Sorghum bicolor x S. sudanense) (LaMondia, 1999b) and the pearl millet (Pennisetum 

glaucum L.) variety ‘Canadian Forage Pearl Millet 101’ (Ball-Coelho et al., 2003). 

Some crops are not only non-hosts but produce chemicals that are toxic to PPN. 

Marigold (Tagetes petula) releases the chemical α-terthienyl that can kill Pratylenchus 

spp. (Evenhuis et al, 2004). The isolated compound has been found to cause 100% 

mortality of Heterodera zeae (cyst nematode) juveniles within 24 hours at 

concentrations as low as 0.125% (Faizi et al., 2011). In a four year study by Evenhuis et 

al. (2004), all strawberry plots that contained a rotation with marigold had significantly 

better yield and lower Pratylenchus penetrans soil populations than both the untreated 

or metam sodium treated plots. Pratylenchus penetrans soil populations stayed 

significantly lower than the untreated plots even after 3 years of growing strawberries 

consecutively following the one year rotation of marigold (Evenhuis et al., 2004). In 

another study, marigold used in a rotation experiment with potato gave significantly 

higher yields than rotation with rye and significantly reduced the nematode population in 

both roots and soil equal to or significantly greater than fumigation with Vorlex CP(68% 

1,3-dichloropropene, 17% methylisothiocyanate, and 15% chloropicrin) (Ball-Coelho et 

al., 2003). Despite the good efficacy data with this rotation there are some potential 

problems with using marigold in a crop rotation including the high cost of seeds, the 

inability of the crop to compete against weeds during the rotation year (Ball-Coelho et 

al., 2003) and an entire growing season (at least three months) needed in the rotation 

that would leave a field unable to produce strawberries (Evenhuis, 2004). The 

intercropping of strawberry and marigold is one alternative option that could potentially 

reduce some of these disadvantages (Evenhuis, 2004). If these issues can be 
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addressed, the use of marigold in a crop rotation schedule could be a very useful 

method of nematode management.  

Organic amendments are another alternative for managing PPN and may include 

the residue of plants or leftover animal waste and can be quite diverse in their 

applications (Akhtar and Malik, 2000). Organic amendments can be grown as a cover 

crop and then tilled into the soil, or organic residue from harvest or processing can be 

applied to another field as a green manure. Animal waste can be applied to the soil in a 

similar way. Organic amendments also have the benefit of increasing the organic matter 

content within the soil. This by itself increases the availability of soil nutrients to the 

plant, improves the soil’s physical condition in retaining moisture and increases the soil 

biological activity (Akhtar and Malik, 2000). Some crops have been found to be hosts for 

PPN but still have antagonistic properties when mulched up and incorporated into the 

soil. Crops belonging to the Brassica genus have been found to contain glucosinolates 

throughout the entire plant and have been looked at as bio-fumigants and potential 

nematicides (LaMondia, 1999b). When glucosinolates are hydrated they are broken 

down in the soil by the enzyme myrosinase into isothiocyanates which are toxic to 

insects, fungi and nematodes (Yu et al., 2007a). Potential crops that have been studied 

include the oilseed canola (Brassica napus) and oriental (also known as Indian or 

brown) mustard (B. juncea). Oriental mustard has been found to contain higher 

concentrations of glucosinolates than any other Brassica species (Yu et al., 2007a; 

Douda et al., 2012). Since these compounds are found in all tissues of the plant, 

residues are mixed into the wet soil so that the bio-fumigant chemicals can be released 

from the plant tissues (Yu et al., 2007b). The efficacy of this method however has been 



 

 23  

variable. Douda et al. (2012) found that carrots grown in plots that had Indian mustard 

incorporated in the soil the year before planting had significantly less galling in the roots 

from Meloidogyne hapla. Conversely in a study with potatoes and Pratylenchus 

penetrans, there was no significant difference in yields when using a late summer 

rotation with oriental mustard and mixing the plant into the soil before winter (McKeown 

and Potter, 2001).  

When oil is extracted from Brassica crops, a seed meal residue is left behind 

which still contains glucosinolates. This by-product can be obtained from the production 

of mustard and oilseed. The product can be added to the soil for nutrient remediation 

and bio-fumigation. When ‘Forge’ oriental mustard bran was applied at a rate of 0.1% it 

was toxic to Pratylenchus penetrans in greenhouse trials, but at this concentration it 

was found also to be phytotoxic to the strawberries (Yu et al., 2007a). When used in the 

field it was found to significantly reduce nematode populations in the soil to levels 

equivalent to plots fumigated with Telone II-B but only in a year that had large amounts 

of rain (Yu et al., 2007b). There was no significant nematode reduction in the second 

year of the study, which had less rainfall throughout the year as the glucosinolates 

contained in the mustard bran required water to convert it into the active bio-fumigant 

chemicals (Yu et al., 2007b). In a study by Zasada et al. (2009), it was found that 

oriental mustard seed meal had better efficacy when applied in smaller granules. When 

used on grapevine plants in pots at a rate of 2 t ha-1 per pot (roughly 0.14% weight of 

product/weight of soil) mixed within the first 5-6 cm of the soil, it was found to 

significantly increase the yield compared to the untreated pots (Rahman et al., 2011). 

There also was a significant reduction of M. javanica populations in the soil and roots 
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compared to that of the untreated pots even 3 years after the first treatment. Soil 

nematode populations were also reduced significantly when the product was reapplied 

each year. If a method is developed to easily add the meal during strawberry production 

this could be a viable treatment to established plants.  

Another form of mustard that has been tested for nematode control is the oil in 

oilcake form. Used in a field study by Faruk et al. (2011), treatments applied to the soil 

at rates as low as 0.3 t ha-1 significantly increase yield of tomato plants and significantly 

decrease gall symptoms on the root of the plants in one of the two years of the study.  

Poultry manure has also been found to reduce PPN soil populations. Poultry 

manure amendments before planting cotton reduced Meloidogyne incognita populations 

and increased soil fungal and bacterial counts after 90 days (Riegel and Noe, 2000). 

The addition of poultry manure at 5 t ha-1 also significantly reduced root galling from 

Meloidogyne incognita as well as significantly increasing yield of tomato (Faruk et al., 

2011). 

 

2.4.3 Host Resistance and Tolerance 

 The strawberry plant is a host to both Meloidogyne hapla and Pratylenchus spp., 

but this relationship can change depending on the strawberry cultivar. Resistance and 

tolerance are two descriptions that can be used to define the relationship between the 

host plant and the nematode parasite. Resistance is defined as the ability of the plant to 

reduce the reproduction and development of the nematode (Boerma and Hussey, 

1992). Tolerance is defined as the ability of the plant to reduce symptom severity (for 



 

 25  

example a reduction of yield or plant growth) while still being infected by the parasitic 

organism (Boerma and Hussey, 1992).   

 As stated previously, P. penetrans is the most common and damaging PPN pest 

on strawberries found in north-eastern North America (LaMondia, 2002; Kimpinski, 

1985; Belair and Khanizadeh, 1994). Some resistance to P. penetrans exists in 

strawberries but level of resistance is dependent on the specific cultivar (Szczygiel, 

1981a, Potter and Dale, 1994). One of the most recent studies from the province of 

Ontario was conducted by Dale and Potter (1998) in which they assessed strawberry 

cultivars for their resistance and tolerance to P. penetrans. This study assessed 19 

cultivars planted in micro-plots that were either untreated soil containing populations of 

P. penetrans or soil fumigated by Telone IIB (1,3-dichloropropene at a rate of 220 L ha-

1) (Dale and Potter, 1998). Nematode load in the soil and the root tissue was used as a 

measurement of the population levels of P. penetrans (nematode 

load=(nroot+200nsoil)/root dry weight) (Dale and Potter, 1998). This study found that 

above-ground dry weights of the plant did not significantly differ among the cultivars but 

nematode load differed significantly (Dale and Potter, 1998). Each strawberry cultivar 

was grouped by their breeding ancestry in which cultivars related to the cultivar ‘Lassen’ 

had the least nematode load than the other strawberry breeding groups. This included 

the cultivars ‘Pajaro’, ‘Chandler’, ‘Annapolis’ and ‘Glooscap’. Cultivars related to 

‘Sparkle’ x ‘Valentine’ family group contained cultivars that had the highest nematode 

loads with the cultivars ‘Sparkle’ and ‘Veestar’ being the most susceptible of the group.  

 LaMondia (2004) did a similar trial but maintained the trial for three years and 

planted micro-plots in a field that had a high population of black root rot organisms 
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including Rhizoctonia fragariae, Pythium spp. and P. penetrans. Unlike the study by 

Dale and Potter (1998), there was no significant relationship between nematode count 

within the plant roots among cultivars, but did find a significant difference in yield. This 

could be due to the fact that fungal organisms are acting on the plant besides 

nematodes, causing a complex of symptoms that cannot be explained by nematode 

populations alone. The study relied on the change of yield over two years to determine 

the tolerance of the cultivars. The cultivars ‘Idea’, ‘Latestar’, ‘Tristar’ and ‘Winona’ had 

significantly higher yields from the previous year compared to the other cultivars tested 

(LaMondia, 2004).  

 Meloidogyne hapla is not the most common PPN in North-eastern North America 

but can be very damaging, reducing root growth and yield of the plants (Pinkerton and 

Flinn, 2005). Similar to studies with Pratylenchus penetrans, cultivars differ in their 

ability to resist or tolerate Meloidogyne hapla (Szezygiel, 1981b). In a study by 

Szczygiel (1981b), the strawberry cultivars ‘Senga Sengana’ and ‘Glima’ were found to 

have significantly lower galling symptoms on their roots compared to other cultivars and 

plots grown with these cultivars contained significantly fewer Meloidogyne hapla 

individuals in the soil (Szczygiel, 1981b). Pinkerton and Finn (2005) found significant 

differences among cultivars with respect to both gall ratings and M. hapla egg 

populations with both values correlated with one another. They also found that the 

cultivars containing significantly lower populations of M. hapla, such as ‘Chandler’, 

‘Allstar’ and ‘Honeoye’ showed little to no galling symptoms on the roots and the M. 

hapla populations extracted at the end of the experiment were only a fraction of the 

populations used to inoculate the study (Pinkerton and Finn, 2005). The cultivar ‘Totem’ 
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was found to be the most susceptible with substantial galling symptoms on the roots 

and a final M. hapla population of 25 times the inoculated population (Pinkerton and 

Finn, 2005). ‘Jewel’ was in the middle with moderate galling symptoms and a final 

population three times more than the initial population (Pinkerton and Finn, 2005). 

These results were similar to a study done by Edwards et al. (1985), where the mean 

number of galls per plant appeared to correspond to the mean number of eggs and the 

mean number of juveniles extracted per plant but no correlation was performed. In all of 

the above studies, fresh root weight and plant weight did not correspond to the 

nematode counts or gall ratings measured. It could be that cultivars respond differently 

in their resistance and tolerance to M. hapla parasitism. The number of galls on the root 

tissue was significantly less in cultivars like ‘Surecrop’ or ‘Sumner’, but both had a 

significant decrease in plant weight compared to the non-inoculated control (Edwards et 

al., 1985).  It could also mean that in plants that were able to resist infection by root knot 

juveniles, roots were still damaged in the process leading to a decrease in plant weight 

(Edwards et al., 1985).  

 Since the study by Dale and Potter (1998), many new strawberry cultivars have 

been developed for Ontario, including the early maturing varieties ‘Wendy’, ‘Summer 

Dawn’ (V151) and ‘Brunswick’; the mid season varieties ‘Cavendish’, ‘Mira’ and 

‘Sapphire’ and the late season varieties ‘Serenity’, ‘Summer Ruby’ (2V55) and ‘Valley 

Sunset’. There is little to no information on the susceptibility of these new cultivars to 

infestation and damage by Pratylenchus spp. or Meloidogyne hapla parasitism. Trials 

evaluating new cultivars are required to better understand the resistance and tolerance 

of these cultivars to PPN infestation.   
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CHAPTER 3: A COMPARISON OF THE PREDICTION EFFICASY OF NEMATODE 

EXTRACTION PROTOCOLS 

 

3.1 Abstract 

 Plant parasitic nematodes (PPN) are detrimental to the yield of a strawberry field 

and extraction methods are an important tool for detecting them. Extraction methods 

were tested for their efficacy in predicting populations of Pratylenchus spp. and 

Meloidogyne spp. from soil and strawberry roots. For extracting PPN from strawberry 

root tissue, the maceration method extracted more Meloidogyne spp. juveniles while the 

shaker method extracted more Pratylenchus spp. individuals. There was no difference 

between the shaker method and the Baermann funnel method using a mister. For 

extracting PPN from soils, a modified Baermann pan (BP) method using a tube for 

nematode collection was more effective at extracting Pratylenchus spp. individuals but 

there was no significant difference between the modified BP method and the sugar 

centrifugation (SC) method when extracting Meloidogyne spp. juveniles from the soil.  
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3.2 Introduction 

The strawberry industry within Ontario is a multi-million dollar industry with a 

farmgate value of $18 million CDN as of 2013 (OMAFRA, 2014).  Plant parasitic 

nematodes (PPN) can be detrimental to strawberry production and are able to 

significantly impact yield (Mahdy and Midan, 2011; LaMondia, 1999a).  

Most PPN genera that parasitize strawberry plants reside in the soil and/or roots 

and therefore it is necessary to collect both root and soil samples to survey for PPN. 

Soil sampling is the primary method used by farmers to determine PPN populations in 

strawberry fields. Soil samples are taken by walking in a zig-zag pattern across a 

specified area and sending a mixed subsample to a qualified lab for extraction, 

identification and enumeration (Celetti and Potter, 2006). Two primary ways of isolating 

nematodes from soil are active or passive extractions (McSorley and Frederick, 2004). 

An example of an active extraction is the Baermann pan (BP) method which uses the 

nematode’s movement to separate it from the soil (McSorley and Frederick, 2004). A 

passive extraction method is able to separate the nematode from the soil even when the 

nematode is immobile and an example of this type of method is the sugar centrifugation 

(SC) method (McSorley and Frederick, 2004).  

 In a study by Harrison and Green (1976), it was found that SC was a more 

efficient method for extracting the genera Tylenchorhynchus, Paratylenchus, 

Pratylenchus, Trichodorus and Aporcellaimellus nematodes from sandy soils when 

compared to the BP extraction method that involves incubating samples for 48 hours. 

Sugar centrifugation was also found to be more efficient at extracting the genera 
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Longidorus and Rotylenchus from peat soils but was equally efficient as the BP method 

at extracting other nematode genera (Harrison and Green, 1976). The genera 

Heterodera and Ditylenchus were extracted in greater numbers from clay soils using SC 

than the BP method (Harrison and Green, 1976). In a study by Rodriguez-Kabana and 

Pope (1981), a modified BP method using a sieve to concentrate the incubated water 

was compared to a modified SC method using molasses instead of sugar. In this study 

Pratylenchus spp., Meloidogyne spp. and Heterodera glycines were extracted more 

frequently using the BP method (with a 72h incubation time) than the molasses 

centrifugal floatation method (Rodriguez-Kabana and Pope, 1981). Heterodera glycines 

juveniles were not extracted using the molasses centrifugal floatation method but were 

extracted using the BP method (Rodriguez-Kabana and Pope, 1981). The nematodes 

Heterodera galeatus, Helicotylenchus spp. and free living nematodes were extracted 

more frequently from the soil using the molasses centrifugal floatation method than with 

the BP method (Rodriguez-Kabana and Pope 1981). It was hypothesized that 

Meloidogyne spp. and Pratylenchus spp. individuals were hatching from eggs during the 

incubation period used with the BP method and therefore more PPN were able to be 

extracted from the soil using this method (Rodriguez-Kabana and Pope 1981). 

 The objective of this study was to determine the efficacy of different extraction 

methods for isolating nematodes from the roots and soil of strawberry fields.  
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3.3 Materials and Methods 

 3.3.1 Soil and Root Sample Collection 

Root and/or soil samples were collected for each experiment using the following 

methods. Soil samples were collected to a depth of 25 cm by extracting soil cores using 

a 2 cm diameter soil probe. Soil cores and plants were collected from the middle of the 

strawberry row, or approximately ¼ of the way into the row if an irrigation drip-line was 

present (Figure 3.1a). Five cm of soil were removed from the top of the core (Figure 

3.1b) and the remaining 20 cm long soil core was placed in a prewashed plastic bucket 

(Figure 3.1c). Strawberry plants were removed using a shovel (Figure 3.2a-b). The 

foliage was separated from the crown by hand and then the roots and crown were 

placed in a sealable Ziploc plastic bag (S. C. Johnson and Son, Ltd., Brantford ON, 

Canada; Figure 3.2c-d).  
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Figure 3.1. Steps in taking a soil core used for the survey: (A) probe contains a full core; 

(B) the removal of the top 5 cm; and (C) depositing the core into the bucket. 

 

Soil cores and strawberry roots were periodically obtained while walking in a zig-

zag pattern across the field (Figure 3.3) in the following manner: Sampling started 

approximately 5m into the field. Sites varied but samples were never taken from a row 

next to another cultivar or at the edge of a field. Soil sampling sites were selected by 

moving one row over and approximately 2 m down each row. A single plant, which 

included the root, was removed at every other soil sampling site near the location where 

the soil core was pulled. After reaching the last row to be sampled within a field, the 

direction was reversed and repeated until the end of the field was reached. Soil was 
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mixed in the bucket by hand and approximately 1 L was taken as a sub-sample at 

random and placed in a Ziploc plastic bag and sealed (S. C. Johnson and Son, Ltd., 

Brantford ON, Canada). Both soil and root samples were stored in a cooler filled with ice 

to maintain a temperature range of 5 to 15°C. At the end of the day samples were 

stored in a refrigerator at 5 °C until nematode extractions could be performed.  

 

Figure 3.2. Steps in sampling a strawberry plant used for the survey: (A) selecting a 

plant; (B) digging the plant out of the ground; (C) the selected plant with the foliage 

separated from the crown; (D) inserting the crown and roots into a sample bag. 
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Figure 3.3. The pattern across a strawberry field used for collecting soil and plant 

samples for nematode extraction. Number of rows sampled within a field varied but 

usually consisted of 10 rows.  
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3.3.2 Comparing Methods for Extracting Nematodes from Strawberry Roots 

Two different experiments were conducted to compare nematode extraction 

methods from strawberry roots. The first comparison was conducted in 2012 and 

assessed two different root extraction methods with the goal to determine which method 

was more efficient at extracting PPN and to determine how long each method should be 

conducted to extract a majority of PPN from the roots. Roots were collected from three 

strawberry fields located near each other in the same farm on 22 July 2012. The farm 

was known to contain high populations of nematodes from the survey conducted in 

2011 (see Chapter 4). Each strawberry field contained one of the following cultivars: 

‘Annapolis’ (Field 1), ‘Mira’ (Field 2) and ‘Summer Rose’ (Field 3).  

Root processing and nematode extractions began on 23 July 2012. The roots 

collected from each of the strawberry fields were washed clear of soil, cut into one to 

two cm pieces and mixed separately by hand. Ten, 5 g wet subsamples were selected 

from the strawberry roots collected from each of field 1 and 2 and five of them were 

extracted using a modified shaker method (Barker and Niblack 1990; see Appendix C) 

while the other five were extracted using a modified maceration method (Brooks 2004; 

see Appendix D). For field 3, eight, 5 g wet subsamples were separated and four of 

each were extracted as above because there were not enough roots available. After 

two, five and seven days from the start of the nematode extraction process, water 

containing nematodes was collected from each apparatus using the methods described 

in Appendices C and D. The water containing the nematodes was then placed into a 

counting dish (the extractions only ended once the roots were removed after seven 

days). Nematodes containing a stylet were identified to genus using morphological 



 

 36  

characteristics (Clemson University, 2011) and counted using an Olympus SZX12 

stereomicroscope (Olympus Canada Inc., Richmond Hill, ON, CA).  

 A second experiment was conducted using roots sampled on 12 August 2012 

from a strawberry field growing the cultivar ‘Serenity’ that were known to contain high 

soil population levels of Pratylenchus spp. from the survey conducted in 2011 (see 

Chapter 4).  

Roots were stored until 15 August 2012 in a refrigerator at 5°C. Roots were 

washed, separated from the crown and cut into one to two cm pieces. Roots were 

mixed and separated into eight subsamples containing five g wet of roots. Four of the 

eight subsamples were sent to an independent laboratory in which nematodes were 

extracted, identified to genus and enumerated. Nematodes were extracted from the 

other four samples using the shaker method (see Appendix C) for seven days in our 

laboratory at the University of Guelph. Nematodes were identified to genus and 

enumerated as previously described. The independent laboratory used a modified 

Baermann funnel with a misting apparatus to extract the nematodes from the strawberry 

roots (Shurtleff and Averre III, 2000).  

 

 3.3.3 Comparing Methods for Extracting Nematodes from the Soil 

Two experiments were conducted to compare the efficacy of different methods 

for extracting PPN from the soil. The first experiment was conducted at the same time 
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from the same fields as the previous experiment. Soil was collected from the field and 

stored at 5°C in a refrigerator until 15 August 2012.  

Soil was mixed and separated into twelve, 200 g samples on 15 August 2012. 

The twelve samples were separated into three groups of four subsamples and 

nematodes from each group were extracted using one of three different extraction 

methods: modified SC (Jenkins 1964, see Appendix A); modified BP (Townshend 

1963a, see Appendix B) using the first apparatus setup for step 2 and using a sieve 

(both methods were conducted at the Jordan lab at the University of Guelph); and a 

modified BP method conducted at an independent laboratory. Nematodes were 

extracted from a 50 g subsample of soil, identified to genus and enumerated as 

previously described.  

 The second experiment was conducted to compare three different methods of 

extracting nematodes from soil and the methods of two independent laboratories 

(laboratory 1 was the same laboratory used in the previous experiments). Soil was 

collected on 19 September 2013 from two different fields from a farm known to contain 

high levels of PPN from the survey conducted in 2011 (see Chapter 4). A 50 cm3 

subsample was taken from the soil collected from each field and extracted using a 

modified SC method (see Appendix A) to determine the presence of PPN. Nematodes 

were identified to genus based off of morphological characteristics (Clemson University, 

2011) and enumerated using an Olympus SZX12 stereomicroscope (Olympus Canada 

Inc., Richmond Hill, ON, CA). One field, growing the cultivar ‘Governor Simcoe’, 

contained high populations of Meloidogyne spp. and the other, growing the cultivar 

‘Summer Rose’, contained high populations of Pratylenchus spp. Soil sampled from 
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each field site was thoroughly mixed and divided into 25 100 g portions. Nematodes 

were extracted from five 50 g subsamples per method using: 1) a modified SC method 

(see Appendix A), 2) a modified BP method using the improved apparatus for step 2 

and using a sieve to concentrate nematodes (see Appendix B) and 3) a modified BP 

method using the improved apparatus for step 2 and using a tube to collect nematodes 

(see Appendix B), in the laboratory at the University of Guelph. Nematodes that were 

extracted at the University of Guelph were identified to genus based on morphological 

characteristics (Clemson University, 2011) and enumerated using an Olympus SZX12 

stereomicroscope (Olympus Canada Inc., Richmond Hill, ON, CA). Another five 

subsamples were sent to each of the two independent laboratories in southern Ontario 

that extract, identify and enumerate PPN. Both independent laboratories used their own 

modified BP extraction methods. The remaining soil was stored at 5 °C for 14 days. 

The experiment was repeated two weeks later on 4 October 2013, to compare 

the two different BP methods and the SC method. The soil from each field was divided 

into fifteen 50 g subsamples.  Five of the 15 subsamples were extracted using one of 

three methods: the modified SC method (see Appendix A), the modified BP method 

using the improved apparatus for step 2 and using a sieve to concentrate nematodes 

(see Appendix B) and the modified BP method using the improved apparatus for step 2 

and using a tube to collect nematodes (see Appendix B). Samples were identified and 

quantified as described above.  
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3.3.4 Statistical Analysis 

 Statistical analysis was performed using SAS software, version 9.2 of the SAS 

System for Windows (SAS 2008). Analysis of variance (ANOVA) was performed using 

the PROC MIXED procedure and multiple means were compared using Tukey’s honest 

significance difference test with the alpha value at 0.05 (SAS 2008). Data that did not 

meet the assumptions of normality, using the Shapiro-Wilk test, were transformed using 

the following equation: y=log10(x+1). The back-transformed means were used for the 

presentation of data when indicated.  

  



 

 40  

3.4 Results 

3.4.1 Comparing Methods for Extracting Nematodes from Roots 

The shaker (see Appendix C; Barker and Niblack, 1990) and maceration (see 

Appendix D; Brooks, 2004) nematode extraction methods were compared using 

strawberry roots sampled from three different fields each containing a single cultivar. 

Field 1 and 2 contained high populations of Pratylenchus and field 3 contained a mixed 

population of both Meloidogyne and Pratylenchus in the strawberry roots (data not 

shown). The maceration method yielded significantly more Meloidogyne juveniles from 

strawberry roots from field 3 than the shaker method (Table 3.1) where Meloidogyne 

populations were high. Where Meloidogyne populations were low (no more than 24 

juveniles per gram of dried root tissue) there was no significant difference between the 

root extraction methods (data not shown). Therefore the fields 1 and 2 (low 

Meloidogyne population levels) were not used when comparing root extraction methods 

for their ability to extract Meloidogyne spp. juveniles. Significantly more Meloidogyne 

spp. juveniles were extracted between five and seven days than after two days using 

the maceration method (Table 3.1). The shaker method however extracted significantly 

more Meloidogyne spp. juveniles between two and five days than during the other two 

extraction periods (Table 3.1).  
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The shaker method in all three fields yielded significantly more Pratylenchus spp. 

individuals from strawberry roots than the maceration method (Table 3.2). Using the 

shaker method, significantly more Pratylenchus spp. nematodes were extracted from 

strawberry roots after 2 days from field 1 while significantly more Pratylenchus spp. 

nematodes were extracted after two to five days from the strawberry roots from field 3 

(Table 3.2). There was no significant difference between the three extraction times in 

the amount of Pratylenchus spp. nematodes extracted from field 2’s strawberry roots 

using the shaker method (Table 3.2). The maceration method extracted significantly 

more Pratylenchus spp. nematodes between two and five days from field 1 and after 

two days from field 2’s strawberry roots (Table 3.2). There was no significant difference 

Sampling time

2 days 20 bc b 23 bc NS c

5 days 81 ab 174 a *

7 days 213 a 6 c *

Total 322 a 213 a *

Table 3.1. Mean number of Meloidogyne spp. juveniles extracted per 

gram of dried root using two different extraction methods from 

strawberry plants located in field 3. Nematodes were sampled at 2, 5, 

and 7 days. 

a Means of four replicates. Means are back-transformed after using a 

transformation of log10(x+1) 
b Mean values followed by the same letter within the same column are 

not significantly different using Tukey's honest significance difference 

c Mean values within the same row are either significant (*) or not 

significantly (NS) different from one another using Tukey's honest 

significance difference test (P≤0.05).

Mean number of Meloidogyne  spp. juveniles 

extracted/g of dried root a

Maceration Shaker
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between the three extraction times when using the maceration extraction method to 

extract Pratylenchus spp. nematodes from field 3’s strawberry roots (Table 3.2).  

 

The shaker method was compared to a modified Baermann funnel method 

performed by an independent laboratory using roots from the cultivar ‘Serenity’ which 

contained high numbers of Pratylenchus (data not shown). The modification involved 

using misting for extracting nematodes from the roots.  Although the Baermann funnel 

misting method extracted more Pratylenchus individuals, this difference was not 

statistically significant (Table 3.3).  

  

Sampling 

time

2 days 13 b b 91 a * c 41 a 59 ab * 20 b 43 b *

5 days 39 a 8 b * 16 b 29 b NS 33 b 111 a *

7 days 10 b 15 b NS 10 b 26 b * 38 b 13 c *

Total 66 a 116 a * 73 a 116 a * 94 a 169 a *

b Mean values of extractions for each field followed by the same letter within a column are not 

significantly different using Tukey's honest significance difference test (P≤0.05).
c Mean values within the same row for each field are either significant (*) or not significantly (NS) 

different from one another using Tukey's honest significance difference test (P≤0.05).

Maceration ShakerMaceration Shaker Maceration Shaker

a Means of five replicates for fields 1 and 2 and four replicates for field 3. Means are back-transformed 

after using a transformation of log10(x+1) for statistical analysis.

Mean number of Pratylenchus  spp. individuals extracted/g of dried root a

Table 3.2. Mean number of Pratylenchus spp. individuals per gram of dried root using two different 

extraction methods over the course of seven days from strawberry root samples taken from three 

different fields. Nematodes were sampled at 2, 5 and 7 days.

Field 1 Field 2 Field 3
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3.4.2 Comparing Methods for Extracting Nematodes from Soil 

Soil collected from strawberry fields planted with the cultivar ‘Serenity’ and known 

to have high Pratylenchus spp. populations was used to compare the SC and BP 

extraction methods with results from samples sent to a certified laboratory for nematode 

extraction. The independent laboratory extracted significantly more Pratylenchus spp. 

nematodes than both the BP and SC methods performed at our laboratory (Table 3.4). 

More Pratylenchus nematodes were extracted from soil using the BP method than the 

SC method (Table 3.4). No significant differences were found in the results from BP 

extractions conducted in our lab and those of the independent laboratories in regards to 

the amount of Pratylenchus spp. individuals extracted from the soil (Table 3.4).  

 

Extraction method

Number of 

replicates (n)

Independent laboratory 4 405 a b

Shaker 3 205 a

Table 3.3. Mean number of Pratylenchus  spp. individuals extracted per gram of dried root 

from strawberry roots using the shaker method or the results from samples sent to an 

independent laboratory. Extractions conducted in both laboratories contained an 

incubation period of seven days within their respective extraction method.

a Means are back-transformed after using a transformation of log10(x+1) for statistical 

analysis.

b Mean values followed by the same letter are not significantly different using Tukey's 

honest significance difference test (P≤0.05).

Mean number of Pratylenchus  spp. 

individuals extracted/g of dried root a
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A second trial was conducted to compare the effectiveness of the SC method 

and two different modified BP methods for extracting Pratylenchus and Meloidogyne 

nematodes from the soil one day and 14 days after sampling. Soil samples were also 

sent to two different independent laboratories for PPN to be extracted, identified and 

counted. The SC method extracted significantly fewer Pratylenchus individuals when 

compared to the two BP methods and the two independent laboratories (Table 3.5). The 

BP method that used a tube for nematode concentration extracted significantly more 

Meloidogyne juveniles than one of the independent laboratories (Table 3.5).  

At 14 days following sampling, the BP method modified using a tube for 

nematode collection yielded the highest number of Pratylenchus individuals while the 

SC method yielded the fewest nematodes (Table 3.5). The number of Pratylenchus 

individuals extracted 14 days after sampling using the SC method were significantly 

fewer than the number of individuals extracted one day after sampling but not when 

using the modified BP methods (Table 3.5). No significant differences were observed in 

Extraction method

Independent laboratory 1242 a b

Baermann pan (sieve collection) 413 b

Sugar centrifugation 157 c

Table 3.4. Mean number of Pratylenchus  spp. individuals extracted per kg 

of soil from strawberry fields using Baermann pan, sugar centrifugation or 

Baermann pan performed by an independent laboratory. Baermann pans 

and the independent laboratory incubated the nematodes for seven days 

during the extraction. 

a Means of four replicates. Means are back-transformed after using a 

transformation of log10(x+1) for statistical analysis.

b Mean values followed by the same letter are not significantly different 

using Tukey's honest significance difference test (P≤0.05). 

Mean number of Pratylenchus  spp. 

individuals extracted/kg of soil a



 

 45  

the number of Meloidogyne juveniles extracted among the three extraction methods 14 

days after sampling (Table 3.5). No significant differences were observed in the number 

of Meloidogyne spp. juveniles when extracted either one or 14 days after sampling 

regardless of the extraction method used (Table 3.5). 

 

  

Extraction Method

Pratylenchus  spp.

Baermann pan (tube collection) 901 a b 623 a NS c

Baermann pan (sieve collection) 425 a 196 b NS

Sugar centrifugation 123 b 45 c *

Laboratory 1 698 a

Laboratory 2 534 a

Meloidogyne spp. juveniles

Baermann pan (tube collection) 1359 a b 930 a NS c

Baermann pan (sieve collection) 438 ab 491 a NS

Sugar centrifugation 533 ab 850 a NS

Laboratory 1 723 ab

Laboratory 2 306 b

c Mean values within the same row are either significant (*) or not significantly (NS) 

different from one another using Tukey's honest significance difference test (P≤0.05).

Mean number 

extracted 1 day 

after sampling a

Mean number 

extracted 14 days 

after sampling  a

Table 3.5. Mean number of Pratylenchus  spp. and Meloidogyne  spp. extracted per kg of 

soil from two different strawberry fields containing high populations of each genera of 

nematode respectively using one of two different modifications of the Baermann pan 

method or the sugar centrifugation method or the results collected after sending samples 

to two different independent laboratories for extraction, identification and counting. 

Nematodes were extracted 1 and 14 days after sampling in-house but only one-day old 

samples were sent to independent laboratories.   

a Means of five replicates. Means are back-transformed after using a transformation of 

log10(x+1) for statistical analysis.

b Mean values for the same genera of nematode within the same column and followed by 

the same letter are not significantly different using Tukey's honest significance difference 

test (P≤0.05). 
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3.5 Discussion  

Methods chosen for extracting PPN depend on the nematode’s biology 

(McSorley et al., 1984) as root extraction methods should only be attempted to extract 

endoparasitic nematodes while ectoparasitic nematodes are more likely to be found in 

the soil (Perry and Moens, 2006). The location of the nematode in the plant should also 

be considered. Meloidogyne hapla females lay their eggs on the outside of the root 

while M. incognita lay their eggs inside the root tissue (Perry and Moens, 2006). If M. 

incognita was the desired nematode to extract, maceration would be a more reliable 

method than a mist or shaker extraction method since the method breaks down the 

tissues using a blender while the other two methods keep the roots intact, for the most 

part (McSorley et al., 1984). Nematode extraction methods did differ in their ability to 

efficiently extract PPN from the roots or the soil which does support the hypothesis. The 

SC method was compared with different BP methods for extracting PPN from the soil 

while the shaker method was compared with the maceration method and the Baermann 

funnel method using a mister (performed by an independent laboratory) for extracting 

PPN from strawberry roots.  

In a study by McSorley et al. (1984), results indicate that the Baermann funnel 

method using a misting chamber provided similar results as the maceration method 

using centrifugation which was the most effective method for extracting Pratylenchus 

spp. from pummelo and Costa Rican guava roots (compared to the maceration method 

using a Baermann funnel, and a method involving the incubation of roots in water).  
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Studies comparing the shaker method to other methods such as using a 

Baermann funnel within a misting chamber have not been found in the previous 

literature. Although the differences were not significant, the Baermann funnel method 

using misting yielded more Pratylenchus spp. individuals on average than the shaker 

method. A large variation was present in this experiment and could explain the lack of 

significance. A further look at this study might be needed with more repetitions to 

strengthen the statistical results.  

The shaker extraction method was tested using the roots gathered from three 

different strawberry fields. The manual used to base the shaker method protocol calls 

for an incubation period of 2 days (Barker and Niblack, 1990). The results from the 

shaker extractions from one field had a majority of the Pratylenchus individuals 

extracted during the first two days while another field had the majority of Pratylenchus 

spp. nematodes extracted between two and five days of the 7 day extraction. This 

stresses that an incubation period of at least 5 days should be used for the shaker 

extraction method. Unfortunately the 2011 survey of Ontario strawberry fields was 

already completed before this test was performed but these modifications were used in 

future experiments (see Chapter 4).  

Improving the apparatus by removing the straws placed in BP appeared to 

improve the number of PPN extracted from the soil since there was no significant 

differences in the number of nematodes extracted between independent laboratory 1 

and ether BP extraction method (laboratory 1 was the same independent laboratory 

used in the previous experiments). This was not the case when extraction methods 

were compared to the independent laboratory the first time when the first BP apparatus 
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was used. Since the two BP apparatus were never compared within the same 

experiment no definite conclusion can be reached but the change appears to be an 

improvement. The change was made to closely mimic the apparatus used by laboratory 

1.   

The results in this study support those found by Rodriguez Kabana and Pope 

(1981), in which more Pratylenchus individuals were extracted from soil using a 

modified BP method than a centrifugation method using molasses. It was hypothesized 

that the Baermnn pan method requires soil to be held for a long incubation period 

allowing eggs to hatch and the newly hatched larva to be extracted (Rodriguez Kabana 

and Pope, 1981). Unlike the study conducted by Rodriguez Kabana and Pope (1981), 

there was no significant difference between SC and either modified BP extraction 

methods for extracting Meloidogyne from roots. Although there were no significant 

differences between the two modified BP extraction methods for extracting Pratylenchus 

nematodes from soil one day after sampling, more Pratylenchus nematodes were 

extracted from soil 14 days after sampling when this method was modified using a tube 

to collect and concentrate nematodes compared to using a sieve. This could be due to 

very small, recently hatched, Pratylenchus nematodes slipping through the sieve 

openings and not being collected. Nematode age and length were not recorded during 

this study, and it could prove interesting in knowing the limits when using a 500 mesh 

sieve to collect nematodes when using the BP method to extract nematodes from soil. 

In summary it is recommended that the Baermann pan method using a tube for 

nematode collection be used to extract nematodes from strawberry field soil due to its 

ability to extract large amounts of Pratylenchus from the soil. Pratylenchus spp. has 
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been found to be the most common nematode affecting strawberry fields across 

northern North America (Kimpinski, 1985; Belair and Khanizadeh, 1994; LaMondia, 

2002). The BP method is also able to extract equivalent amounts of Meloidogyne spp. 

juveniles compared to the sugar centrifugation method.  

An independent laboratory extracted significantly less Meloidogyne spp. from the 

soil than the BP method using a tube performed by the Jordan lab at the University of 

Guelph. No significant differences were seen when Pratylenchus spp. were extracted 

from the soil. This indicates a lack of consistency between laboratories. Some might be 

using different methods of sample storage, extraction methods, and equipment that 

could influence the amount of PPN reported to the client.    
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CHAPTER 4: SURVEY OF PLANT PARASITIC NEMATODES IN STRAWBERRY 

FIELDS OF SOUTHERN AND EASTERN ONTARIO  

 

4.1 Abstract 

 Plant parasitic nematodes (PPN) are potentially detrimental to the yield of a 

strawberry field but their distribution and population levels within Ontario strawberry 

fields are relatively unknown as no surveys have been conducted or published. A 

survey of 19 different strawberry farms in southern and eastern Ontario was conducted 

and samples were taken three different times in June/July, August/September and 

September/October of 2011. A written questionnaire was also distributed to growers to 

gather data on past crop history and field practices. Significantly more Pratylenchus 

spp. were extracted from the soil of strawberry fields in the counties of Simcoe and 

Peterborough when compared to several other regions in Ontario. Significantly more 

Meloidogyne spp. were extracted from the soil of strawberry fields in Norfolk County 

than any other regions sampled in Ontario. Stepwise regressions found PPN soil 

populations were related to the soil pH and the amounts of phosphorus, potassium, 

magnesium, calcium, sodium and silt within the soil. Significantly more Pratylenchus 

spp. were extracted from the roots of strawberries grown in fields sprayed with synthetic 

pyrethroids and organophosphates and/or carbamates than fields not sprayed with 

insecticides. However, significantly fewer Meloidogyne spp. were extracted from both 

the soil and strawberry roots of fields where insecticides were applied.   
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4.2 Introduction  

Strawberry production in Ontario has a farmgate value of $18 million CDN as of 

2013 (OMAFRA, 2014). In order to keep up production it is essential to acquire 

information on economically important diseases and pests that, if left unmanaged, could 

greatly diminish the industry. Surveys help gather information that can be useful in 

determining the distribution and population of a pest.  

 Plant parasitic nematode surveys of strawberry fields have been conducted in the 

provinces of British Columbia, Quebec and PEI (McElroy, 1977; Kimpinski, 1985; Belair 

and Khanizadeh, 1994). In the Fraser Valley of British Columbia 610 soil samples were 

taken over a three-year period from strawberry fields (McElroy, 1977). Eleven different 

stylet-bearing nematode genera were identified in the survey and out of those 11 

Pratylenchus was found to be the most common PPN, found in 89% of the strawberry 

fields sampled. Tylenchus was found in 22% and Aphelenchus in 21% of the sampled 

fields (McElroy, 1977). In a 1976 survey of 33 strawberry fields in PEI, Pratylenchus 

was found in 97% of soil and strawberry roots sampled (Kimpinski 1985).  Pratylenchus 

spp. were found in 56% of the 185 strawberry fields sampled in a Quebec survey during 

1980 (Belair and Khanizadeh, 1994). Meloidogyne hapla were found in 12% of the 

strawberry fields sampled in Quebec (Belair and Khanizadeh, 1994).  

 Previous published surveys of PPN populations in Ontario have been conducted 

but none have focused on strawberry fields specifically. Although no survey conducted 

in Ontario has targeted strawberry fields, the data suggest that Pratylenchus spp. are 
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the most common PPN to affect cultivated plants in Ontario (Potter and Townshend, 

1973; Marks et al., 1973). Meloidogyne hapla was also present in some fields but its 

distribution was not as broad as Pratylenchus spp. (Potter and Townshend, 1973; 

Marks et al., 1973).  

 The objectives of this study were to determine the PPN populations in strawberry 

fields of southern and eastern Ontario and to observe any potential factors that might 

influence PPN populations.  
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4.3 Materials and Methods  

4.3.1 Collection and Processing of Samples for Survey 

In order to gather information on nematode populations and strawberry 

cultivation practices in southern and eastern Ontario two different methods of data 

collection were used. One was a physical survey of soil and root samples from 19 

strawberry farms across southern and eastern Ontario and the second was a 

questionnaire given to the strawberry growers of the sampled fields.  

Nineteen strawberry farms were selected in 2011 from 7 different geographical 

regions in southern and eastern Ontario. They were Essex and Kent Counties (region 

1); Middlesex and Oxford Counties (region 2); Norfolk County (region 3); Waterloo and 

Halton Regions (region 4); Simcoe and Peterborough Counties (region 5); Durham 

County (region 6); and the Ottawa and Stormont, Dundas and Glengarry Regions 

(region 7) (Figure 4.1). Two to four farms were selected per geographic region with help 

from members of the Ontario Berry Growers Association (OBGA). Farms that were 

selected had to have at least two different June-bearing cultivars planted in 2010 (one 

farm was still surveyed that did not meet this criteria) and prior nematode history was 

not taken into account. One to three strawberry fields that were planted in the year 2010 

were selected from each farm, each consisting of one strawberry cultivar per field. Only 

June-bearing cultivars were selected unless there were none available and then a day-

neutral cultivar was selected for sampling. The fields were sampled three different times 

during the year of 2011. Sampling times were: Spring/early summer from 6 June to 6 

July, late summer from 17 August until 17 September and autumn from 25 September 
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until 24 October. As the survey progressed some fields were changed or removed due 

to the farmer removing plants from the field. This resulted in 48 fields sampled in 

spring/early summer, 46 fields sampled in late summer and 44 fields sampled in 

autumn. One soil sample from one field obtained during the autumn sampling was 

misplaced and therefore extractions could not be done for that particular field.  

 

Figure 4.1. Region number, county or regional municipality name(s) and location of 

fields sampled in southern and eastern Ontario during 2011 survey. Map modified from 

http://commons.wikimedia.org/wiki/File:Canada_Southern_Ontario_location_map_2.png

uploaded by NordNordWest and licensed under the Creative Commons Attribution-

Share Alike 3.0 Unported license (http://creativecommons.org/licenses/by-

sa/3.0/legalcode).   
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 Soil and root samples were collected and stored using the methods described in 

Chapter 3. Depending on the length of the field, the sampling path crossed the width of 

the field 3 to 8 times. The sampled area of the strawberry fields ranged from 470 to 

3220 m2 with 13 to 58 soil cores taken and 7 to 29 plants taken.  

Nematodes were extracted from a 50 cm3 subsample of soil using a modified SC 

method (Jenkins, 1964; see Appendix A). Roots were washed free of soil and mixed 

and nematodes were extracted from a 5 g wet subsample using a modified shaker 

extraction method described by Barker and Niblack (1990; see Appendix C). Stylet-

bearing nematodes extracted from soil or root samples were visually identified to genus 

(Clemson University 2011) and counted using an Olympus SZX12 stereomicroscope 

(Olympus Canada Inc., Richmond Hill, ON, CA). An extracted sample was considered 

infested with PPN as long as one individual was found present in the counting dish 

following extraction.    

During the autumn sampling period, a separate soil core was collected to a depth 

of 20 cm using a 2 cm diameter soil probe for soil texture and nutrient analysis at the 

same location where the root samples were taken. Between 7 to 29 soil cores were 

taken per field. Soil from each field was thoroughly mixed and one subsample per field 

was  taken and used to determine soil texture using the hydrometer method (Sheldrick 

and Wang, 1993). One subsample per field was also sent to an independent laboratory 

to determine percent organic matter, pH and concentrations of phosphorus, potassium, 

magnesium, calcium, and sodium.  
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To obtain information on management protocols a written questionnaire was 

developed and distributed to each of the growers on 18 October 2013 (Appendix H). 

Included in the survey were questions regarding the past cropping history for each of 

the fields sampled. Each crop was designated resistant or susceptible to Pratylenchus 

spp. or Meloidogyne hapla parasitism using various reference materials (Gaskin and 

Crittenden, 1956; Townshend, 1963b; Faulkner and McElroy, 1964; Miller, 1978; 

Melakeberhan, 1998; Ball-Coelho et al., 2003; Perry and Moens, 2006; Yu et al., 2007b; 

Yu, 2008; Sogut et al., 2014). 

  

4.3.2 Statistical Analysis 

 Statistical analysis was performed using SAS software, version 9.2 of the SAS 

System for Windows (SAS 2008). Analysis of variance (ANOVA) was performed using 

the PROC MIXED procedure and multiple means were compared using Tukey’s honest 

significance difference test with the alpha value at 0.05 (SAS 2008).  

Means comparisons were performed to find the significant differences for the 

PPN population data in regards to: seasonal variation, geographic location, crop rotation 

and insecticide use. Data that did not meet the assumptions of normality, using the 

Shapiro-Wilk test, were transformed using the following equation: y=log10(x+1). The 

back-transformed means were used for the presentation of data when indicated.  

A stepwise regression was performed using the PROC REG stepwise procedure 

in SAS to compare nematode populations for the following collected data: percent soil 
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organic matter, soil pH, soil nutrient levels (phosphorus, potassium, magnesium, 

calcium, sodium) and soil texture (percent sand, silt and clay). Data was rejected if it 

contained a p value greater than 0.15.  
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4.4 Results 

There were no significant differences in PPN soil populations among sampling 

dates so data from all three dates were pooled in Table 4.1 (Appendix J.11). Nine 

different stylet-bearing nematode genera were found in the soil of strawberry fields 

sampled across southern and eastern Ontario (Table 4.1). Tylenchus was the most 

frequent genus found in 87% of the total 137 soil samples collected throughout the year 

of 2011. Pratylenchus spp. was found in 86% of the soil samples. Other genera were 

Helicotylenchus in 50%, Meloidogyne in 42%, Tylenchorhynchus in 24%, Xiphinema in 

20%, Criconemoides in 10%, Paratylenchus in 7% and Longidorus in 7% of soil 

samples analyzed.  
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Pratylenchus and Meloidogyne soil populations varied significantly among the 

different geographic locations (Table 4.2). Plant parasitic nematode population means 

were highest in soils sampled from strawberry fields in region 6 as compared to those 

from regions 1 and 2 (Table 4.2). Significantly higher soil populations means of 

Pratylenchus spp. were extracted from the fields in region 5 than in regions 1, 3, 6 and 7 

(Table 4.2). Significantly higher Meloidogyne population level means were extracted 

from soil sampled from region 3 than all of the other regions (Table 4.2).   

Number of farms 19

Number of soil samples a 137

Genus

Criconemoides  spp. 10

Helicotylenchus  spp. 50

Longidorus  spp. 4

Meloidogyne  spp. juveniles 42

Paratylenchus spp. 7

Pratylenchus spp. 86

Tylenchorhynchus spp. 24

Tylenchus spp. 87

Xiphinema spp. 20

b Percent of soil samples infested (extractions contained at least one 

individual) with the specified genus of plant parasitic nematode. 

Infested soil samples (%) b

Table 4.1. Percent of soil samples infested with the different genera of 

stylet-bearing nematodes. Data is pooled across three sampling periods. 

a Total number of soil samples taken over the course of three different 

sampling periods from June to October 2011. 
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There were no significant differences in PPN populations found in the roots of 

strawberries across the three sampling dates, similar to PPN populations in the soil 

(Appendix J.14-15). Therefore, data from the three collection dates were pooled. 

Pratylenchus, Tylenchus and Meloidogyne were the most frequent genera of stylet 

bearing nematodes extracted from strawberry roots but other PPN genera were 

observed as well (Table 4.3). The nematode genera Helicotylenchus, Paratylenchus 

and Tylenchorhynchus were extracted from roots but none of the genera exceeded 10 

nematodes per gram of dried root (Table 4.3). Pratylenchus was found in the roots of 

strawberries in 80% of the fields sampled while Tylenchus and Meloidogyne were found 

Region number

1 6.0 b c 0.5 b 25.2 b

2 9.7 ab 0.9 b 40.8 b

3 4.6 b 21.2 a 65.7 ab

4 13.0 ab 2.7 b 54.1 ab

5 26.8 a 1.7 b 45.3 ab

6 2.7 b 0.1 b 127.5 a 

7 6.6 b 0.4 b 52.8 ab

Table 4.2. Mean number of Pratylenchus spp., Meloidogyne spp., and total plant parasitic 

nematodes extracted from soil sampled from strawberry fields in seven geographic 

regions of southern and eastern Ontario.

Mean number of nematodes/100 cm3 of soil a

b Means are back-transformed after using a transformation of log10(x+1) for statistical 

analysis.

c Mean values within a column followed by the same letter are not significantly different 

using Tukey's honest significance difference test (P≤0.05). 

Pratylenchus  spp. 

Individuals b
Meloidogyne spp. 

juveniles 

Total plant parasitic 

nematodes 

a A 50 cm3 subsample of soil was used to extract nematodes using the sugar centrifugation 

method and results were multiplied to display the number of nematodes per 100 cm3 of 

soil. 



 

 61  

in the roots in 28% and 25% of the fields sampled, respectively (Table 4.3). Despite 

being encountered in 28% of the total strawberry root samples taken, the genus 

Tylenchus was only found in low numbers with a mean ranging between 0 and 1.2 per 

gram of dried root per region and a maximum of 6.4 per gram of dried root. Significantly 

higher population means of Pratylenchus were extracted from roots sampled from 

region 5 than any other region (Table 4.4). Significantly higher population means of 

Meloidogyne were extracted from roots sampled from fields in region 3 compared to any 

of the other regions (Table 4.4).  
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Region 1 a Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Total

Number of farms 3 3 4 2 2 2 3 19

Number of samples b 13 24 28 18 18 12 25 138

Mean c 0.6 2.8 32.9 1.1 11.9 0.0 0.2 8.9

Infested Samples (%) d 7.7 12.5 67.9 27.8 16.7 0.0 12.0 24.6

Pratylenchus spp.

Mean 13.8 41.5 23.9 27.5 182.0 8.3 53.3 51.1

Infested Samples (%) 76.9 79.2 71.4 72.2 100.0 75.0 84.0 79.7

Helicotylenchus  spp.

Mean 0.0 0.5 0.0 0.4 0.1 2.7 0.4 0.5

Infested Samples (%) 0.0 8.3 0.0 16.7 11.1 66.7 16.0 13.8

Paratylenchus  spp.

Mean 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0

Infested Samples (%) 0.0 4.2 0.0 0.0 0.0 8.3 0.0 1.4

Tylenchorenchus spp.

Mean 0.1 0.2 0.0 0.0 0.1 0.2 0.0 0.1

Infested Samples (%) 7.7 12.5 3.6 0.0 11.1 25.0 0.0 7.2

Tylenchus  spp. 

Mean 0.3 0.2 0.1 0.5 1.1 0.2 1.2 0.5

Infested Samples (%) 23.1 16.7 10.7 33.3 50.0 16.7 48.0 28.3

d Percent of samples infested (extractions contained at least one individual) with the plant parasitic nematode. 

Table 4.3. Mean number of plant parasitic nematodes extracted per gram of dried root and the frequency of 

strawberry fields infested with different genera of stylet-bearing nematodes. Data is pooled across three 

sampling periods. 

Meloidogyne  spp. juveniles

a Region numbers correspond to counties or regional municipalities of Ontario in the following manner: Essex 

and Kent Counties (Region 1); Middlesex and Oxford Counties (Region 2); Norfolk County (Region 3); Waterloo 

and Halton Regions (Region 4); Simcoe and Peterborough Counties (Region 5); Durham County (Region 6); and 

the Ottawa and Stormont, Dundas and Glengarry Regions (Region 7).
b Total number of root samples taken and extracted from the region over the course of three sampling periods 

between June and October 2011. 

c Mean number of nematodes extracted per gram of dried root from each region over the course of three 

sampling periods between June and October 2011. 
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Out of the 19 farms surveyed, 14 answered the written questionnaire. The 

stepwise regression found a few relationships between nematode populations of the soil 

and site specific data collected during the survey. A positive relationship was observed 

between Meloidogyne spp. juvenile soil populations, percentage of silt particles and 

amount of phosphorus in the soil (Table 4.5). Percent of silt particles found in strawberry 

fields ranged between 8 and 55% with a mean of 26% while the amount of phosphorus 

ranged between 12 and 303 ppm with a mean of 114 ppm (Appendix I.2). Soil 

populations of Pratylenchus spp. were found to have a positive relationship with the 

percentage of silt particles and a negative relationship with soil pH and the amount of 

magnesium found in the soil (Table 4.5). Soil surveyed had a pH between 5.1 and 7.7 

with a mean of 6.6 while the amount of magnesium ranged between 40 and 425 ppm 

with a mean of 147 ppm (Appendix I.2). Populations of Helicotylenchus spp. extracted 

Region number

1 5 b b 0 b

2 10 b 0 b

3 7 b 5 a

4 5 b 1 b

5 129 a 1 b

6 3 b 0 b

7 16 b 0 b

Table 4.4. Mean number of Pratylenchus  spp. and Meloidogyne  spp. extracted from roots 

sampled from strawberry fields in seven geographic regions of Southern and Eastern 

Ontario.

a Means are back-transformed after using a transformation of log10(x+1) for statistical 

analysis.

b Mean values within a column followed by the same letter are not significantly different 

using Tukey's honest significance difference test (P≤0.05). 

Mean number of 

Pratylenchus  spp./g of dried root a
Mean number of Meloidogyne spp. 

juveniles/g of dried root 
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from the soil had a positive relationship with the amount of calcium and sodium and a 

negative relationship with the amount of potassium found in the soil (Table 4.5). The 

amount of calcium, sodium and potassium found in the soil of strawberry fields ranged 

between 460 and 3270 ppm, 1 and 37 ppm and 53 and 246 ppm with a mean of 1236 

ppm, 10 ppm and 128 ppm respectively (Appendix I.2). Populations of 

Tylenchorhynchus spp. extracted from the soil were found to have a positive 

relationship with the amounts of phosphorus and sodium but a negative relationship 

with the amounts of potassium and magnesium in the soil (Table 4.5).  
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Some significant relationships were observed between nematode populations 

and management practices. There were significantly more Pratylenchus individuals 

extracted from the soil of strawberry fields that grew host crops for Pratylenchus spp. in 

the year before planting strawberries (2009), compared to the soil from fields that grew 

crops that were non-hosts to Pratylenchus spp. (Table 4.6). Some of the non-host crops 

were grown specifically as organic amendments to reduce PPN populations. This trend 

however was not observed for Meloidogyne juveniles extracted from the soil (Table 4.6). 

There was no relationship between rotation crops planted in 2009 that are known to 

reduce populations of Meloidogyne hapla or Pratylenchus penetrans and the number of 

Step

Field data 

variable

Number of 

variables 

in model

Regression 

coefficient Partial R2 Pr > F

Meloidogyne  spp. 

juveniles

1 Phosphorus (ppm) 1 0.0051 0.2642 <0.0001

2 Silt (%) 2 0.0104 0.0257 0.0345

Pratylenchus  spp.

1 pH 1 -0.2292 0.0334 0.0382

2 Magnesium (ppm) 2 -0.0027 0.1122 <0.0001

3 Silt (%) 3 0.0284 0.0769 0.0006

Helicotylenchus  spp.

1 Calcium (ppm) 1 0.0006 0.5939 <0.0001

2 Sodium (ppm) 2 0.0319 0.0825 <0.0001

3 Potassium (ppm) 3 -0.0026 0.0220 0.0031

Tylenchorhynchus  spp. 

1 Potassium (ppm) 2 -0.0028 0.0435 0.0154

2 Phosphorus (ppm) 3 0.0013 0.0176 0.1186

3 Sodium (ppm) 3 0.0152 0.0271 0.0509

4 Magnesium (ppm) 4 -0.0009 0.0161 0.1291

Table 4.5. Summary of stepwise regression associating soil nematode populations from strawberry 

fields in southern and eastern Ontario by genera with soil characteristics. 
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Meloidogyne or Pratylenchus nematodes extracted from strawberry roots, respectively, 

in 2011 (Appendix J.18-19).  

The use of insecticides had a different effect on Meloidogyne juveniles versus 

Pratylenchus individuals. Fields in which insecticides were applied had significantly 

lower populations of Meloidogyne in both the soil and the root tissue but higher 

populations of Pratylenchus extracted from roots (Tables 4.7 and 4.8). Strawberry fields 

sprayed with a synthetic pyrethroid had greater Pratylenchus populations in the roots 

than fields sprayed with organophosphates and/or carbamates and fields not sprayed 

(Table 4.8). There was no significant differences observed for Pratylenchus populations 

in the soil between strawberry fields not sprayed with insecticides, fields sprayed with 

synthetic pyrethroids or fields sprayed with organophosphate and/or carbamates (Table 

4.8).   

 

Previous Crop in 2009 N a N

Host 80 8.8 a c 62 1.9 a 

Non-host or 

organic amendment 17 3.2 b 35 3.0 a  

Mean  individuals 

extracted per 100 cm3 

of soil b

Mean juveniles 

extracted/100 cm3 of 

soil 

Table 4.6. Mean number of Pratylenchus spp. individuals and Meloidogyne spp. juveniles 

extracted from the soil of strawberry fields in 2011 following a host or non-host/organic 

amendment rotation crop in 2009.

b Nematodes were extracted from 50 cm3 of soil using the sugar centrifugation method and 

results were multiplied to display the amount of nematodes per 100 cm3 of soil. Means are 

back-transformed after using a transformation of log10(x+1) for statistical analysis.
c Mean values followed by the same letter within a column are not significantly different using 

Tukey's honest significance difference test (P≤0.05). 

Pratylenchus Meloidogyne

a Number of soil samples.
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Class of insecticides used

 on the field

Number of 

samples (n)

No Insecticides 18 12.8 a c 4.5 a 

OP and/or C 44 1.9 b 0.6 b

SP 38 1.0 b 0.2 b

Table 4.7. Mean number of Meloidogyne  spp. juveniles extracted from 100 cm3 of soil and per gram 

of dried strawberry root by insecticide use. Fields were either: not sprayed with insecticides, 

sprayed with organophosphates (OP) and/or carbamate (C) or sprayed with synthetic pyrethroids 

(SP) during the year of 2011.

Mean number of 

Meloidogyne  spp. juveniles 

extracted/100 cm3 of soil a b

Mean number of 

Meloidogyne  spp. juveniles 

extracted/g of dried root b 

b Means are back-transformed after using a transformation of log10(x+1) for statistical analysis.
c Mean values followed by the same letter within a column are not significantly different using 

Tukey's honest significance difference test (P≤0.05). 

a A 50 cm3 subsample of soil was used to extract nematodes using the sugar centrifugation method 

and results were multiplied to display the amount of nematodes per 100 cm3 of soil. 

Class of 

insecticides 

used 

on the field

Number of 

samples (n)

SP 38 9.4 b c 23.0 a 

OP and/or C 44 5.9 b 6.7 b

No insecticides 18 4.9 b 0.6 c

c Mean values followed by the same letter within a column are not significantly different using 

Tukey's honest significance difference test (P≤0.05). 

Mean number of Pratylenchus 

spp. individuals extracted/100 

cm3 of soil  a b

Mean number of Pratylenchus 

spp. individuals extracted/g of 

dried root b

Table 4.8. Mean number of Pratylenchus  spp. individuals extracted from 100 cm3 of soil and per 

gram of dried strawberry root by insecticide use. Fields were either: not sprayed with insecticides, 

sprayed with organophosphates (OP) and/or carbamate (C), sprayed with synthetic pyrethroids (SP) 

or sprayed with both OP and/or C and SP during the year of 2011.

a A 50 cm3 subsample of soil was used to extract nematodes using the sugar centrifugation method 

and results were multiplied to display the amount of nematodes per 100 cm3 of soil. 
b Means are back-transformed after using a transformation of log10(x+1) for statistical analysis.
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4.5 Discussion 

The survey confirmed our hypothesis that Pratylenchus was the dominant PPN 

found in southern and eastern Ontario. It was also confirmed that relationships were 

found between PPN populations and both soil properties and farming practices.  

The PPN genera found in the survey are consistent with those found in surveys 

of strawberry fields conducted in other regions of Canada (McElroy, 1977; Kimpinski, 

1985; Belair and Khanizadeh, 1994) with no new PPN genera found in either the roots 

or the soil. Tylenchus and Pratylenchus were found to be the most common stylet-

bearing nematodes to inhabit the soil of strawberry fields in southern and eastern 

Ontario. Tylenchus are not known to cause significant damage to strawberry plants 

since most members of this genus are believed to be algal and fungal feeders and not a 

significant threat to plant health (Yeates et al., 1993). In the present survey this genus 

was found in much greater quantity and frequency than those found in previous surveys 

conducted in Ontario and strawberry fields in other provinces (Marks et al., 1973; Potter 

and Townshend, 1973; McElroy, 1977; Kimpinski, 1985; Belair and Khanizadeh, 1994). 

Pratylenchus was found to be a very common nematode in strawberry fields across 

southern and eastern Ontario, which is consistent with previous surveys of strawberry 

fields as it is the most common PPN found in strawberry fields in Canada (McElroy, 

1977; Kimpinski, 1985; Belair and Khanizadeh, 1994). Pratylenchus was also found in 

high frequencies in previous surveys of other crops in Ontario (Potter and Townshend, 

1973; Marks et al., 1973).   
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Helicotylenchus have been found in previous surveys (Marks et al., 1973; Potter 

and Townshend, 1973; McElroy, 1977; Kimpinski, 1985; Belair and Khanizadeh, 1994) 

but in low frequency compared to the current study where this genus was found in 50% 

of the strawberry fields sampled. A survey of strawberry fields in the Frasier Valley of 

British Columbia found nematodes of this genus in 4.5% of the samples (McElroy, 

1977), while strawberry field surveys conducted in PEI and Quebec found it in 33% and 

0.5% of sampled fields respectively (Kimpinski, 1985; Belair and Khanizadeh, 1994). In 

previous surveys of other crops in Ontario, the genus is more widely spread. It was 

encountered in 100% of barley fields, 94% of fields of mixed grains, 87% of oat fields, 

80% of forage fields, 65% of corn fields and 38% of wheat fields sampled in 

southwestern Ontario (Potter and Townshend, 1973). The genus was encountered less 

frequently in a survey by Marks et al. (1973), being found in 28% of tobacco,  44% of 

rose, 35% of peach and 27% of corn fields sampled.  

Meloidogyne was found at a higher frequency in southern and eastern Ontario 

than in surveys conducted in other provinces (McElroy, 1977; Kimpinski, 1985; Belair 

and Khanizadeh, 1994), with this genus present in 42% of the fields sampled by our 

present study. Meloidogyne was only found in 7% of the strawberry fields in Quebec 

with the highest number extracted from a single field containing 48 juveniles per 100 

cm3 of soil (Belair and Khanizadeh, 1994). In previous surveys of fields in Ontario, 

Meloidogyne hapla was observed in 33% of the samples taken from fields of forage 

crops growing in southwestern Ontario (Potter and Townshend, 1973), which was 

similar to the results from our study of strawberry fields. However, M. hapla was 
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encountered at a much lower frequently in a survey by Marks et al. (1973) where the 

majority of samples were from tobacco fields.  

The genus Tylenchorhynchus was found in 24% of samples collected from 

strawberry fields. This genus was also found in PEI and Quebec strawberry fields with a 

frequency of 30% and 1.6% respectively (Kimpinski, 1985; Belair and Khanizadeh, 

1994). In previous Ontario surveys, nematodes belonging to this genus were 

encountered in 32% of all the fields sampled (primarily forage and grain crops) (Potter 

and Townshend, 1973), and in 17% of flue-cured tobacco fields (Marks et al., 1973).  

The nematode genera Xiphinema, Criconemoides, Paratylenchus and 

Longidorus were also encountered in strawberry field samples from this study but their 

frequency and numbers were low at 20%, 10%, 7% and 7% respectively. Xiphinema 

was only found in 11% of strawberry fields surveyed in BC. In previous surveys of fields 

in Ontario it was encountered in 19% of wheat, 18% in corn and 10% in oat and forage 

fields sampled (Potter and Townshend, 1973), and in 30% of the soil submitted from 

peach orchards (Marks et al., 1973). The genus Criconemoides has not been observed 

in strawberry fields in Canada from previous literature, but was observed in 4% of 

southwestern Ontario cereal and forage fields (Potter and Townshend, 1973) and 5% of 

peach orchards surveyed in Ontario previously (Marks et al., 1973). The genus is likely 

not a parasite of strawberry (Potter and Townshend, 1973). Paratylenchus has been 

found in previous strawberry surveys from other parts of Canada but often in higher 

frequencies and population (McElroy, 1977; Kimpinski, 1985; Belair and Khanizadeh, 

1994) than we encountered in our survey. It was present in 14.3%, 32% and 16.8% of 

the strawberry fields sampled in surveys of BC, PEI and Quebec respectively (McElroy, 
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1977; Kimpinski, 1985; Belair, and Khanizadeh, 1994). In previous Ontario surveys it 

was more widely reported in 88% of fields growing mixed grains and 36% of corn fields 

in a survey conducted by Potter and Townshend (1973). Paratylenchus spp. was also 

encountered in 24% of tobacco fields sampled and in 60% of the sampled peach 

orchards (Marks et al., 1973).  The genus Longidorus was also found in 4.5% of the BC 

strawberry fields surveyed (McElroy, 1977).  

Only the genera Meloidogyne and Pratylenchus were extracted from strawberry 

roots in quantities greater than 10 per g of dried root. Both of these nematodes are 

endoparasitic and therefore live inside of the strawberry root (Perry and Moens, 2006). 

The other stylet bearing nematode genera are ectoparasitic nematodes and therefore 

live outside of the root and within the soil and the low number of nematodes extracted 

from the strawberry roots support this (Perry and Moens, 2006).  

Based on data from this survey there appear to be regional differences in the 

populations of both Pratylenchus and Melodiogyne within strawberry fields sampled in 

southern and eastern Ontario. Similarly, population differences were found with the 

distribution of Meloidogyne hapla in a study by Belair and Khanizadeh (1994), as the 

nematode was not found in the soil of strawberry fields from the eastern townships of 

Quebec. Meloidogyne was found in very low numbers in Durham County and the 

Ottawa regions (regions 6 and 7), the most eastern regions in our current survey 

conducted in Ontario. Even though Pratylenchus populations were widespread in the 

current survey, significantly higher populations were found in Simcoe and Peterborough 

Counties (region 5). These distribution patterns could be influenced by numerous 

factors including different biological soil properties (Westphal and Becker, 2001; 



 

 72  

Pyrowolakis et al., 2002) and the sources of plants from strawberry propagators (Belair 

and Khanizadeh, 1994).  

Relationships between soil properties and plant parasitic nematode populations 

have been observed in previous studies (Trevathan et al., 1985; Belair and Khanizadeh, 

1994; Koenning et al., 1996; Walker et al., 2002; Barbosa et al., 2007; Dias-Arieria et 

al., 2012; Mateille et al. 2014). The survey conducted in 2011 found a negative 

relationship between soil pH and Pratylenchus spp. populations within the soil. The 

relationships between Pratylenchus spp. soil populations and soil pH have been 

observed by other studies but with conflicting results (Koenning et al., 1996; Barbosa et 

al., 2007). A study by Barbosa et al. (2007) found that there was a positive relationship 

between the pH of soil and Pratylenchus spp. populations but the soil that was sampled 

all had a pH of over 7. Three studies found a negative relationship between populations 

of Pratylenchus and soil pH (Trevathan, 1989; Belair and Khanizadeh, 1994; Mateille et 

al., 2014). Fields sampled in a study of PPN populations on sorghum with a soil pH 

between 6 and 7.7, found that more Pratylenchus zeae were found in soil with lower pH 

(Treyathan, 1989).  

A positive relationship between soil phosphorus and both Meloidogyne spp. 

juveniles and Tylenchorhynchus spp. individuals was found in the present survey. A 

study conducted by Mateille et al. (2014) found a positive relationship between soil 

phosphorus and Meloidogyne spp. populations within the soil and a negative 

relationship between Tylenchorhynchus spp. and soil phosphorus. Another study found 

a positive relationship between soil phosphorus and Helicotylenchus spp, (Walker et al., 

2002). Various studies have observed a decrease in nematode parasitism when 
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fertilizer containing phosphorus was added to the soil including Rotylenchulus reniformis 

on cotton (Kularathna et al., 2014) and Meloidogyne javanica on tomato (Habash and 

Al-Banna, 2011). Populations of Rotylenchulus reniformis were fewer when the amount 

of phosphorus in the soil was 100 ppm compared to 10 ppm (Kularathna et al., 2014). 

Additionally a foliar spray of potassium phosphite applied every two weeks was 

observed to reduce Pratylenchus brachyurus parasitism on maize (Dias-Arieria et al., 

2012). Potassium phosphite is known to be able to activate plant defense mechanisms 

(Dias-Arieria et al., 2012).  

A negative relationship between potassium in soil and the soil populations of both 

Helicotylenchus spp. and Tylenchorhynchus spp. was observed during the survey 

conducted in 2011. This is contrary to two studies which found a negative relationship 

between Helicotylenchus spp. soil populations and potassium levels in the soil (Walker 

et al., 2002; Mateille et al., 2014). The two studies found different results though when 

comparing Tylenchorhynchus spp. population numbers with soil potassium with one 

finding a negative relationship (Mateille et al., 2014) and one finding a positive 

relationship (Walker et al., 2002). The effects of potassium on resisting nematode 

parasitism have been found to differ with the nematode studied with more eggs of 

Rotylenchulus reniformis found on cotton roots when phosphorus levels were low (10 

ppm) and potassium levels were high (246) which was identical to the maximum amount 

of potassium observed in the 2011 survey (Kularathna et al., 2014). Less parasitism, 

however, has been observed by Pratylenchus alleni on soybean when root potassium 

levels were high (Burns, 1971).  
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Populations of Helicotylenchus spp. were found to have a positive relationship 

with calcium levels in soil during the 2011 survey. This has been found to be 

contradictory to two other studies that found Helicotylenchus spp. had a negative 

relationship with calcium levels in soil (Barbosa et al., 2007; Mateille et al., 2014). This 

could be because the maximum amount of calcium in the soil, found by the 2011 

survey, far exceeded the levels found in the study by Barbosa et al. (2007). In the 2011 

survey of strawberry fields within southern and eastern Ontario, both farms sampled in 

Durham County (region 6) contained high populations of Helicotylenchus spp. and high 

levels of calcium within the soil.   

A positive relationship was found between the soil populations of Helicotylenchus 

spp. and Tylenchorhynchus spp. and soil sodium levels in the 2011 survey. This has 

also been observed for both genera in a survey of sorghum fields (Trevathan et al., 

1985) and for just Helicotylenchus spp. in a survey of turf covered dunes (Mateille et al., 

2014).  

Both Pratylenchus spp. and Tylenchorhynchus spp. populations within the soil 

were found to have a negative relationship with soil magnesium levels in the 2011 

survey. Few surveys have observed a relationship with plant parasitic nematodes and 

magnesium but a negative relationship was found between soil Helicotylenchus spp. 

populations and soil magnesium levels (Barbosa et al., 2007). Fertilizer containing 

magnesium (19% phosphorus, 6% potassium, 6% magnesium) applied one week 

before planting was able to significantly reduce Meloidogyne javanica and M. incognita 

parasitism on tomato (Habash and Al-Banna, 2011) which could explain the negative 

relationship seen in the survey.  
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The percentage of silt particles was found to have a positive relationship with 

Meloidogyne spp. juveniles and Tylenchorhynchus spp. individuals within the soil in the 

2011 survey. A similar relationship has been observed between percent silt particles 

with Tylenchorhynchus spp. soil populations but the opposite has been observed with 

Meloidogyne spp. juveniles in a study by Mateille et al. (2014). Soil texture has been 

observed to influence the vertical mobility of a nematode throughout the soil (Prot and 

Van Gundy, 1981). Soil consisting of pure sand particles greatly reduces vertical 

movement of Meloidogyne incognita juveniles while the addition of just 5% clay into the 

soil greatly increases the ability of a nematode to move in a vertical direction throughout 

the soil (Prot and Van Gundy, 1981). This movement is hindered though when clay 

particles make up greater than 14% of the soil texture and the nematodes are immobile 

when clay particles make up greater than 33% of the soil texture (Prot and Van Gundy, 

1981). Though a relationship was found between Meloidogyne spp. juveniles and 

Tylenchorhynchus spp. populations within the soil in the 2011 survey, it is unclear why 

percent silt had the strongest relationship rather than percent sand or clay. It could be 

that the percentage of silt sized particles was a greater indicator of soil that provided the 

right balance of mobility needed for the migration of nematodes within the soil than sand 

or clay.  

Although Pratylenchus has a large host range, there are some crops that can be 

used in rotation programs to potentially reduce population levels. In our survey 

conducted in 2011, the crops used to suppress Pratylenchus parasitism included the 

pearl millet cultivar ‘Canadian Forage Pearl Millet Hybrid 101’ and oriental mustard. 

Pearl millet cultivar ‘Canadian Forage Pearl Millet Hybrid 101’ is a non-host for 
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Pratylenchus parasitism (Ball-Coelho et al., 2003). Oriental mustard is still a host for 

Pratylenchus but it can be incorporated into the soil as a green manure to release 

compounds that are toxic to PPN (Yu et al., 2007a, Douda et al., 2012). Fields surveyed 

from farms that planted these cover crops in 2009 had significantly lower populations of 

Pratylenchus spp. within the soil of the subsequent crops of strawberry surveyed in 

2011 (strawberries were planted in the spring of 2010). This provides evidence on the 

efficacy of crops used in rotations designed to help manage PPN in strawberry 

production but again the survey only looked at a small number of the strawberry farms 

located within Ontario, and a larger survey sampling more fields could provide better 

clarity. 

Crop rotation using resistant crops the year before planting strawberries was not 

observed affect Meloidogyne populations in the soil. One explanation could be that the 

eggs of Meloidogyne are protected by a gelatinous matrix that is known to protect the 

eggs from harm. This matrix allows eggs to survive antagonism by microorganisms 

(Orion et al., 2001) and even the application of nematicides (Mojtahedi et al., 1991). 

Another reason could be that suitable hosts were present in the field as weeds that 

could have sustained the population till strawberries were planted. Many weeds can 

serve as inoculum reservoirs for Meloidogyne including milkweed (Asclepias syriaca), 

dandelion (Taraxacum officinale) and harry vetch (Vicia sativa) to retain populations 

within the field (Faulkner and McElroy, 1964).     

Numerous insecticides and/or miticides have been found to reduce nematode 

populations (Faske and Starr, 2006; Wiratno et al., 2009; Kang et al., 2012). The 

miticide abamectin has been shown to reduce nematode parasitism of both 
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Meloidogyne incognita and Rotylenchulus reniformis on tomato (Faske and Starr, 2006). 

Organophosphates and carbamates have broad spectrum efficacy against nematodes 

by targeting the nervous system and eventually causing death (Kang et al., 2012). 

Some synthetic pyrethroids, such as deltamethrin, have also been shown to cause PPN 

mortality, specifically with Meloidogyne incognita juveniles (Wiratno et al., 2009). 

Significantly fewer Meloidogyne spp. juveniles were found in both the roots and the soil 

of strawberry fields that were sprayed with insecticides including organophosphates, 

carbamates and pyrethroids, suggesting that the application of these insecticides may 

have resulted in a reduction in Meloidogyne parasitism. This was not the case with 

Pratylenchus, however, in which significantly higher populations were extracted from 

strawberry roots from fields sprayed with synthetic pyrethroids and organophosphates 

and/or carbamates when compared to fields not sprayed with insecticides. This could be 

due to a difference in biology when compared to Meloidogyne or to the low number of 

fields surveyed in this study.  
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CHAPTER 5: ASSESSING STRAWBERRY CULTIVARS FOR THEIR RESISTANCE 

AND/OR TOLERANCE TO PRATYLENCHUS SPP. AND MELOIODGYNE HAPLA 

PARASITISM 

 

 

5.1 Abstract 

 Two trials were conducted to assess the susceptibility of 12 different strawberry 

cultivars to Meloidogyne hapla and Pratylenchus spp. parasitism. The cultivars ‘Valley 

Sunset’ and ‘Albion’ were found to be resistant to M. hapla parasitism. Strawberry plants 

grown in M. hapla inoculated micro-plots in 2013 had significantly lower dry shoot 

weights compared to the non-inoculated plots but no differences were seen among 

cultivars. A trial to assess the resistance and tolerance of strawberry cultivars to 

Pratylenchus spp. parasitism was reduced from 12 to seven cultivars due to the limited 

number of individuals in available culture for inoculation. The cultivar ‘Mira’ had 

significantly fewer Pratylenchus spp. individuals extracted per dry gram of root than the 

cultivar ‘Kent’. A cultivar yield trial was planted in 2012 and yield data were collected in 

2013 to assess the reduction of berry yield to M. hapla parasitism. However, there was 

extensive damage to the plants from vole feeding and winter injury so no significant 

yield reductions or changes in nematode tolerance were detected among the 12 

cultivars.    
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5.2 Introduction  

 The presence of Pratylenchus spp. (root lesion nematode) (Townshend 1963b) 

and Meloidogyne hapla (root-knot nematode) (Edwards et al. 1985) can negatively 

impact the yield of commercial strawberry (Fragaria x ananassa Duch) production 

(LaMondia, 1999a; Mahdy and Midan, 2011). Planting cultivars resistant to nematode 

parasitism can be an effective tool in managing PPN. Resistance is the ability of a plant 

to reduce the replication and development of a parasite (Boerma and Hussey, 1992). 

Tolerance is the ability of a plant to maintain good yield and plant growth even when 

infected by a parasite (Boerma and Hussey, 1992). Both resistance and tolerance 

towards both Pratylenchus penetrans (Szczygiel, 1981a; Dale and Potter, 1998; 

Pinkerton and Finn, 2005) and Meloidogyne hapla (Szczygiel, 1981b; Pinkerton and 

Finn, 2005) parasitism exist in different strawberry cultivars but with various levels of 

success.  

Some strawberry cultivars have been found to have some resistance and/or 

tolerance to Meloidogyne hapla. Szczygiel (1981b) found significant differences in 

nematode reproduction among 27 strawberry cultivars tested. The most resistant 

cultivar, ‘Senga Senganna’ had approximately 1.5% second stage M. hapla juveniles in 

the roots compared to the susceptible cultivar ‘Redgauntlet’ (Szczygiel, 1981b). 

Tolerance was measured in this study by comparing the fresh weight of strawberry 

plants grown in pots inoculated with Meloidogyne hapla to the fresh weight of plants 

grown in a non-inoculated control as a percent (Szczygiel, 1981b). There were 

differences in plant weight among the cultivars, which indicated tolerance but plant 

weight did not correlate with root galling and the number of nematodes extracted from 
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the soil and the root (Szczygiel, 1981b). The cultivar ‘Senga Tigaiga’ had no reduction in 

plant fresh weight despite containing significantly more nematodes than ‘Senga 

Sengana’ (Szczygiel, 1981b). Pinkerton and Finn (2005) found similar trends in that 

strawberry cultivars and other genotypic crosses differed in their resistance and 

tolerance to M. hapla. Some strawberry genotypes that were resistant to M. hapla 

parasitism still had significantly lower percent dry root weight in plants grown in M. 

hapla-inoculated pots when compared to plants grown in non-inoculated pots (Pinkerton 

and Finn, 2005). Results from both studies suggest that strawberry plant tolerance and 

resistance to PPN parasitism can be independent of one another (Szczygiel, 1981b; 

Pinkerton and Finn, 2005). 

Studies have shown that resistance and tolerance to Pratylenchus spp. including 

P. penetrans also exist in commercial strawberry cultivars (Szczygiel, 1981a; Dale and 

Potter, 1998). Szczygiel (1981a) found some strawberry cultivars differ significantly in 

both tolerance and resistance to P. penetrans parasitism. Resistance was measured by 

the number of P. penetrans individuals extracted from both the soil and the root while 

tolerance was measured by percent fresh weight of plants grown in inoculated pots 

verses non-inoculated pots. As was seen with Meloidogyne hapla, the measurements of 

resistance to P. penetrans parasitism did not correlate with the measurements of 

tolerance (Szczygiel, 1981a). Dale and Potter (1998) found significant differences in P. 

penetrans nematode populations in the roots and soil of different strawberry cultivars 

but no significant differences were found in their measurement of tolerance (comparing 

the aboveground weight of strawberry plants grown in fumigated or non-fumigated soil 

containing high numbers of P. penetrans).     
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 Although trials evaluating the resistance and tolerance of strawberry cultivars to 

Meloidogyne hapla and Pratylenchus spp. parasitism have been done in the past, there 

are several new cultivars presently use for strawberry production in Ontario. The 

objective of this study was to assess new strawberry cultivars for their resistance and/or 

tolerance to Meloidogyne hapla and Pratylenchus spp. parasitism.  
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5.3 Materials and Methods 

5.3.1 Experimental Design 

Micro-plots were established at the Guelph Turfgrass Institute located in Guelph, 

Ontario, Canada to assess cultivar resistance and tolerance to feeding from 

Meloidogyne hapla and Pratylenchus spp. Twelve strawberry cultivars: ‘Albion’, 

‘Annapolis’, ‘Bounty’, ‘Honeoye’, ‘Kent’, ‘Jewel’, ‘Mira’, ‘Sapphire’, ‘Summer Dawn’ 

(formally known as V151), ‘Summer Ruby’ (formally known as 2V55), ‘Valley Sunset’, 

and ‘Wendy’ were selected for evaluation. The cultivar ‘Annapolis’ was selected due to 

its reported resistance to Pratylenchus (Dale and Potter, 1998) while the cultivars ‘Kent’ 

and ‘Bounty’ were chosen due to their susceptibility to Pratylenchus spp. (Dale and 

Potter, 1998) and Meloidogyne hapla (Khanizadeh et al., 1994), respectively. The 

cultivars ‘Jewel’ and ‘Honeoye’ were selected due to their popularity with Ontario 

strawberry growers and existing historical data characterizing their resistance and 

tolerance to nematode parasitism (Pinkerton and Finn, 2005). The other cultivars were 

selected due to their popularity with strawberry growers in Ontario and also because of 

the limited data available on the cultivars’ resistance and tolerance to PPN parasitism.  

Trials were conducted in the growing seasons of 2012 and 2013. Two trials were 

conducted in 2012. The first trial (cultivar susceptibility trial) was designed to assess the 

resistance and tolerance of strawberry cultivars to nematode parasitism. The second 

trial (cultivar yield trial) was initiated in 2012 and was designed to assess the effect of 

nematode parasitism on the yield of strawberry cultivars in the following summer of 

2013. The two trials had identical designs. In 2012 micro-plots were arranged in a 12 by 
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three factorial design assessing the 12 strawberry cultivars listed above and three 

nematode treatments: micro-plots inoculated with M. hapla, inoculation with 

Pratylenchus spp. and a non-inoculated control. Treatments were replicated five times 

and arranged as a randomized complete block with two rows of treatments per block. 

Unfortunately Pratylenchus spp. cultures did not produce enough nematodes to 

inoculate the micro-plots, so all micro-plots assigned to be infested with Pratylenchus 

spp. were designated as additional negative control treatments.  

The cultivar susceptibility trial was repeated in the growing season of 2013 but 

with minor changes to the design. The Pratylenchus spp. treatment was reduced to 7 

different cultivars instead of all 12 thus reducing the number of micro-plots in each 

replicated block from 36 to 31. The number of micro-plots inoculated with M. hapla and 

the non-inoculated control remained at 12 each. The cultivars that were grown in micro-

plots inoculated with Pratylenchus spp. were ‘Albion’, ‘Annapolis’, ‘Kent’, ‘Mira’, 

‘Summer Ruby’, ‘Valley Sunset’ and ‘Wendy’. The experiment was arranged in a similar 

manner to the 2012 study with treatments replicated 5 times and arranged in blocks with 

two rows per block.  

 

5.3.2 Inoculum Preparation 

Individual Pratylenchus spp. nematodes and Meloidogyne spp. eggs were 

extracted from the roots of strawberries from fields sampled in southern and eastern 

Ontario and cultured. Strawberry roots infected with Pratylenchus spp. individuals were 
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washed and then cut into 1-2 cm pieces. The nematodes were extracted from the roots 

using a modified BP method (using roots instead of soil) (Townshend, 1963a; see 

Appendix B). Individual Pratylenchus spp. nematodes were isolated from the nematode 

extractions by pipette under a Olympus SZX12 stereomicroscope (Olympus Canada 

Inc., Richmond Hill, ON, CA) and sterilized using procedures modified from Huettel 

(1990) and Boisseau and Sarah (2008; see Appendix E). Meloidogyne hapla eggs were 

extracted from strawberry roots using an egg extraction method developed by Hussey 

and Barker (1973; see Appendix F).  

Both nematode genera were cultured separately on living tomato plants 

(Lycopersicon esculentum Mill. 'Rutgers') grown in a greenhouse. Tomato plants were 

grown from seed in plug trays filled with Sunshine professional growing mix LG5 

artificial growing media (Sun Gro Horticulture, Seba Beach, AB, Canada). The plants 

were transplanted at the two-leaf stage into 20 cm diameter, black, plastic pots filled 

with non-calcareous sand. The particle size distribution of the sand conformed to United 

States Golf Association standards (USGA Green Selection Staff, 2014) to allow for a 

balance between water retention and drainage. One plant was transplanted into each 

pot. Four holes measuring approximately 0.8 mm in diameter and 4 cm in depth were 

dug around the plant 5 cm away from the stem of the plant in equilateral distances away 

from each other using a bamboo stick. Designated Meloidogyne hapla or Pratylenchus 

spp. inoculum suspended in water was dripped into the holes using a micropipette and 

then the holes were covered.  

Plants containing nematode cultures were grown in the Bovey greenhouse at the 

University of Guelph. The greenhouse was kept at a temperature of 21°C and 16 hours 
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of daylight using supplementary lighting. Plants were irrigated using well water as 

needed and fertilized using water containing 1.25g/L of 20-20-20 Plant Prod Classic 

fertilizer (Plant Products, Leamington ON, Canada). Plants were fertilized one to three 

times a week depending on the plant size and nutritional requirements determined by 

observing visual symptoms. Meloidogyne spp. inoculum was identified as M. hapla 

using DNA sequencing by Laboratory Services (University of Guelph, ON, Canada). 

 

5.3.3 2012 Cultivar Susceptibility and Yield Trial Preparation and 

Maintenance 

Micro-plots were established in the spring of 2012. Each micro-plot consisted of a 

plastic bucket that was 30 cm in diameter and 37 cm in height (Home Depot, Kitchener 

ON, Canada). Six 1.25 cm diameter holes were made in the bottom of each bucket for 

drainage and the buckets were then buried in the ground so that a 7 cm lip was above 

the ground. Each bucket was filled to the soil line with an 80:20 sand to soil ratio. Sand 

and soil were supplied, pre-treated, bagged and delivered by Hutcheson Sand and 

Mixes (Huntsville, ON, Canada). Pre-treatment was done to ensure the absence of PPN 

and consisted of drying the sand:soil mix at 180°C for 5 minutes then letting it cool in 

3000 lb totes. After the totes were cool the soil mix was bagged into 50 lb bags and 

delivered to the GTI.  
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Strawberry transplants were obtained from one of two commercial propagators 

and were planted on 29 and 30 May 2012 with three plants placed in every micro-plot, 

arranged evenly in a triangle (Figure 5.1).  

 

Figure 5.1. Strawberry plants newly transplanted in micro-plot.  

 

Meloidogyne hapla eggs were extracted from tomato root cultures using the egg 

extraction method by Hussey and Barker (1973; see Appendix F) on 18 June 2012 and 

eggs were kept refrigerated at 5°C until the time of inoculation. Micro-plots designated 

for a M. hapla inoculation were inoculated with 12000 M. hapla eggs per micro-plot on 

22 June 2012 as follows: Four holes 5 cm away from the crown were dug 10 cm deep 

and approximately 0.8 cm in diameter using a bamboo stick around each of the three 

plants per micro-plot. Using a plastic 1 mL pipette, 0.25 mL of liquid containing 
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approximately 1000 M. hapla eggs were pipetted into each hole. The holes were 

covered with soil and the trial was watered lightly to prevent desiccation.  

Plants were irrigated as needed using a drip irrigation system with one emitter 

anchored to the soil by a stake near the crown of each plant. Plants were fertilized every 

other week from 29 June until 27 August 2012 using a gardening hose with a fertilizer 

injector to deliver 3 g of 20-20-20 Plant Prod Classic fertilizer at a rate of 2 g/L per 

micro-plot. Flowers and stolons were removed from plants at least once per week to 

prevent fruiting and plant reproduction.  

 

5.3.4 2012 Cultivar Susceptibility Trial Soil and Plant Sampling 

Soil was sampled and strawberry plants were removed from 17 to 25 October 

2012. Nine soil cores were taken per micro-plot to a depth of 20 cm using a 2 cm 

diameter soil probe and placed in a sealable Ziploc plastic bag (S. C. Johnson and Son, 

Ltd., Brantford ON, Canada). Buckets were removed from the ground and the plants 

and soil were sieved through a screen with a mesh opening of 0.5 cm. Strawberry 

plants and roots were separated from the soil and placed in a sealable plastic bag. 

Plants and soil were kept refrigerated at 5°C until extraction.  

Strawberry plants were washed and separated into leaves, crowns and roots. 

Leaves and crowns were counted and dried at 50°C until no significant decrease in 

weight was observed. Roots were visually rated for Meloidogyne hapla damage by 

recording the percent surface area of the root system that was covered in galls 
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(between 1% and 100%). A 10 g subsample of fresh roots was chosen at random and 

nematodes were extracted using the shaker method (modified from Barker and Niblack, 

1990; see Appendix C). M. hapla eggs were extracted from the remainder of the roots 

using the egg extraction method by Hussey and Barker (1973; see Appendix F) and 

placed in 50 mL vials. The roots were then dried at 50°C until no significant decrease in 

weight was observed.  

Nematodes were extracted from the soil using a modified SC extraction method 

(Jenkins, 1964; see Appendix A). Nematodes extracted from roots and soil were 

identified to genus (Clemson University 2011) and counted using an Olympus SZX12 

stereomicroscope (Olympus Canada Inc., Richmond Hill, ON, CA). The 50 mL vial 

containing the extracted eggs was shaken and a subsample of 200 µL was removed 

using a micro-pipette and placed in a counting dish for counting. Eggs were counted 

under the stereomicroscope and multiplied by 250 to approximate the total population 

residing in the 50 mL vial. Both Meloidogyne spp. juveniles and eggs that were 

identified to genus were assumed to be Meloidogyne hapla due to the climate in which 

this study was performed (Perry and Moens 2006) and the previous identification of the 

Meloidogyne spp. culture to species (M. hapla) performed by Laboratory Services 

(University of Guelph, ON, Canada).  
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5.3.5 Cultivar Yield Trial 2012-2013 Maintenance, Harvest and Sampling 

The strawberry cultivar yield trial was covered with approximately 60 to 90 cm of 

straw on 11 December 2012 to protect plants from cold injury. The straw was removed 

on 30 April and 1 May 2013. Over the course of the winter the strawberry plants were 

heavily damaged by voles nesting within the micro-plots. This resulted in 38 out of the 

180 micro-plots containing completely dead strawberry plants.  

Plants were irrigated as required using the previously described drip irrigation 

system. Plants were fertilized on 14 May 2013 using a gardening hose fitted with an 

injector to deliver 4.7 g per micro-plot of 20-20-20 Plant Prod Classic fertilizer at a rate 

of 3 g/L. Plants were fertilized every other week from 31 May until 22 July 2013 with 3g 

per micro-plot of 8-20-30 Plant Prod Forestry Finisher at a rate of 2 g/L (Plant Products, 

Leamington ON, Canada).  

Ripe or nearly ripened berries were harvested, counted and weighed from each 

micro-plot two times per week from 17 June until 20 July 2013.  

Micro-plot soil and strawberry plants were sampled between 6 and 13 August 

2013 using the same methods described for the 2012 cultivar susceptibility trial. 

However, due to time constraints nematodes were only extracted from soil samples 

using a modified SC method (Jenkins, 1964; see Appendix A). 
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5.3.6 2013 Cultivar Susceptibility Trial Preparation and Harvest 

The cultivar trial was repeated in 2013 with some changes. The study was 

designed with 12 different cultivars and 3 different nematode inoculation treatments in 5 

block replicates. Due to the lower inoculum levels, the Pratylenchus treatments were 

only applied to 7 of the 12 cultivars: ‘Albion’, ‘Annapolis’, ‘Kent’, ‘Mira’, ‘Summer Ruby’, 

‘Valley Sunset’ and ‘Wendy’. This resulted in blocks containing 31 micro-plots (12 

cultivars inoculated with M. hapla, 7 cultivars inoculated with Pratylenchus spp. and 12 

cultivars not inoculated) organized in a row of 16 micro-plots adjacent to a row of 15 

micro-plots. Buckets from the previous year’s cultivar susceptibility trial were sterilized 

and reused. Buckets were sterilized with a sodium hypochlorite and water solution and 

rinsed off with water prior to use. Buckets were re-buried in the existing holes from the 

previous year’s cultivar trial but both bucket placement and treatment application were 

re-randomized. Buckets were buried at the same depth with a lip of 7 cm out from the 

soil surface. Five cm of gravel was placed below the bucket to separate the native soil 

from the bottom of the bucket and to provide better drainage. Strawberry transplants 

were obtained from the same two propagators used in the 2012 trial and transplanted 

into the micro-plots on 7 June 2013.  

Pratylenchus spp. individuals were extracted from the nematodes cultured on 

tomato roots grown in the greenhouse as previously described. The nematodes were 

extracted from a mixture of tomato roots and soil using a modified BP method (modified 

from Townshend 1963a, see Appendix B) and sterilized (see Appendix E). The 

extracted and sterilized nematodes were placed into 5 separate vials which contained 

approximately 3400 nematodes in 10 mL of water. Each vial was used to inoculate 



 

 91  

seven designated micro-plots within a replicated block. Micro-plots to be treated with the 

Pratylenchus treatment were inoculated on 21 June 2013 with approximately 450 

Pratylenchus individuals per micro-plot (approximately 148 per plant) using the following 

method: Four 10 cm deep holes were made 5 cm away from the strawberry crown for 

each of the three plants per micro-plot using a bamboo stick approximately 0.8 cm thick. 

Approximately 37 individuals were dripped in 110 µL of water down each hole using a 

micro-pipette. Holes were covered with the surrounding soil and the micro-plots were 

lightly watered to prevent desiccation. Meloidogyne hapla eggs were extracted from 

tomato roots on 24 June 2013 using the same methods as the previous year and were 

then used to inoculate separate micro-plots on 25 June 2013.  

Micro-plots were fertilized on 5 July 2013 using a gardening hose and injector to 

deliver approximately 3 g per micro-plot of 8-20-30 Plant Prod Forestry Finisher at a 

rate of 2 g/L of water. Micro-plots were then fertilized using the method described above 

with approximately 3g per micro-plot using 20-20-20 Plant Prod Classic fertilizer at rate 

of 2 g/L every other week from 22 July to 15 September 2013.  

Soil and strawberry plants were sampled from 7 to 14 October 2013 using the 

same method as the previous year. Plants were processed in a similar way to what was 

done in 2012 except only the shaker extraction method (see Appendix C) was used to 

extract nematodes from strawberry roots of plants grown in micro-plots inoculated with 

Pratylenchus spp. and their corresponding non-inoculated micro-plots. The shaker 

method for root extraction is the common method for extracting Pratylenchus spp. 

nematodes (Barker and Niblack, 1990). The egg extraction method (see Appendix F) 

was again used to extract Meloidogyne hapla eggs because it had an advantage in that 
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all of the strawberry roots residing within a single micro-plot could be used in the 

nematode extraction (as opposed to a subsample of roots that is used in the shaker 

method) and is the customary method for extracting Meloidogyne hapla eggs from roots 

(Hussey and Barker, 1973).  

 

5.3.7 Statistical Analysis 

 The number of nematodes counted from the extractions was multiplied by the 

appropriate amount in order to display the results per gram of dried root or per 100 cm3 

of soil. Data were transformed when needed following tests for normality using the 

transformation y=log10(x+1) and then back-transformed means were presented. Data 

were analysed using PROC MIXED (SAS software, version 9.2 of the SAS System for 

Windows) (SAS 2008). Means were separated and compared using Tukey’s honest 

significance difference test with the alpha value at 0.05.   
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5.4 Results 

 5.4.1 2012 and 2013 Cultivar Susceptibility Trial 

 An analysis of variance was performed on the two separate studies (2012 and 

2013) and it was found that there were significant cultivar differences from one year to 

the other with respect to number of Meloidogyne hapla juveniles extracted from the soil 

and the percent of root surface area covered in galls (Appendix J.26-27). As a result, 

the two years are presented separately below. 

5.4.2 2012 Cultivar Susceptibility Trial 

 In the strawberry cultivar susceptibility trial conducted in 2012, the cultivars 

‘Albion’ and ‘Valley Sunset’ had significantly fewer nematodes in the roots compared to 

all the other cultivars (Table 5.1). There was a mean number of one egg present per 

gram of dried root in each of the two cultivars and one and two juveniles extracted per 

gram of dried root from ‘Albion’ and ‘Valley Sunset,’ respectively. There was no galling 

on either ‘Albion’ or ‘Valley Sunset’ while all the other cultivars had some form of galling 

on the roots. Although galling was observed on the cultivar ‘Bounty,’ the number of galls 

was not found to be significantly different from the cultivars ‘Albion’ or ‘Valley Sunset’ 

(Table 5.1). There were no differences in root and shoot dry weights among plants 

grown in inoculated and non-inoculated micro-plots (Appendix J.33-34). The SC 

extraction method did not yield enough Meloidogyne hapla juveniles from the soil for 

statistical differences to be seen among any of the cultivars (Table 5.1).  
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Strawberry 

Cultivar

Albion 1 a c 1 NS d 1 a 0 NS 0 a 0 NS 0 NS 0 NS 

Valley Sunset 1 a 1 2 a 0 0 a 0 0 0

Bounty 99 b 1 121 b 0 32 ab 0 1 0

Kent 241 b 0 832 b 0 61 b 0 2 0

Jewel 283 b 1 274 b 0 40 b 0 0 0

Annapolis 300 b 1 259 b 0 46 b 0 0 0

Honeoye 369 b 0 162 b 0 38 b 0 2 0

Sapphire 479 b 1 509 b 0 54 b 0 0 0

Mira 523 b 2 374 b 1 42 b 3 1 0

Summer Dawn 574 b 2 501 b 1 56 b 1 1 0

Wendy 598 b 1 257 b 0 52 b 0 0 0

Summer Ruby 1264 b 2 177 b 0 62 b 0 1 0

d Means are not significant (NS) from one another within a column using Tukey's honest significance difference test (P≤0.05).

Non-

inoculated Inoculated

Non-

inoculated

a Means are back-transformed after using a transformation of log10(x+1) for statistical analysis. 
b A 50 cm3 subsample of soil was used to extract nematodes using the sugar centrifugation method and results were multiplied to display 

the amount of nematodes per 100 cm3 of soil.
c Means with different letters within the same column are significantly different from one another using Tukey's honest significance 

difference test (P≤0.05). 

Table 5.1: Means of four different measurements of Meloidogyne hapla  infection extracted or rated from the roots of 12 strawberry 

cultivars grown in micro-plots inoculated with ether M. hapla  eggs or a non-inoculated control in 2012. 

Mean number 

of eggs/g of dried root a

Mean number 

of M. hapla  juveniles/g of 

dried root a

Gall rating 

(% root surface area with 

galls)

Mean number of M. hapla 

juveniles/100 cm3 of soil a b

Inoculated

Non-

inoculated Inoculated

Non-

inoculated Inoculated
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 5.4.3 2013 Cultivar Susceptibility Trial 

 As was observed in 2012, results of the 2013 study showed significantly fewer 

eggs extracted from the roots of the strawberry cultivars ‘Albion’ and ‘Valley Sunset’ 

compared to the other cultivars grown in Meloidogyne hapla inoculated micro-plots 

(Table 5.2). These same differences were also seen in the number of Meloidogyne 

juveniles extracted per 100 cm3 of soil and in the root gall ratings (Table 5.2). Although 

galling within the cultivar ‘Bounty’ was not different from ‘Albion’ and ‘Valley Sunset’ in 

2012, significantly more galling was observed in ‘Bounty’ in the 2013 study. Additionally, 

significantly fewer eggs were extracted from the roots of the cultivar ‘Wendy’ than the 

cultivar ‘Annapolis’ in 2013 (Table 5.2) when grown in inoculated M. hapla micro-plots 

(Table 5.2).  

A reduction in dry shoot weight was observed between the inoculated and non-

inoculated plots when results were pooled across all cultivars, but none of these 

differences were evident for any of the specific strawberry cultivars (Table 5.3). Many 

cultivars (‘Annapolis’, ‘Bounty’, ‘Kent’, ‘Mira’, ‘Summer Dawn’ and ‘Summer Ruby’) had 

an observed 20% difference between the shoot weights of plants grown in inoculated 

versus the plants grown in non-inoculated micro-plots (Table 5.3). Meloidogyne hapla 

eggs and juveniles present in the non-inoculated plots suggest that there was some 

contamination in the control plots during the 2013 study (Table 5.2). A small amount of 

contamination was present in the 2012 study as well (Table 5.1) but more contamination 

appeared to be present in 2013. A larger number of Meloidogyne hapla eggs were 

extracted from the roots of strawberry plants from the cultivar trial conducted in 2013 
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than the trial conducted in 2012 but this difference was not found to be significant 

(Appendix J.24). The mean gall rating for the roots of strawberry plants grown in non-

inoculated micro-plots was significantly greater in the cultivar trial conducted in 2013 (at 

7.0%) than in 2012 (at 0.3%) (Appendix J.28).  

 

Strawberry 

cultivar

Albion 57 a c 1 NS d 0 a 0 NS 0 a 0 NS

Valley Sunset 87 a 1 2 a 0 1 a 0

Wendy 8184 b 50 113 b 5 58 b 14

Bounty 11622 bc 13 97 b 4 58 b 8

Summer Dawn 12932 bc 2 116 b 1 62 b 1

Sapphire 15484 bc 3 143 b 4 62 b 2

Jewel 15866 bc 4 52 b 0 58 b 0

Honeoye 16124 bc 67 128 b 18 62 b 28

Mira 22345 bc 11 34 b 0 54 b 0

Summer Ruby 22619 bc 100 110 b 2 70 b 9

Kent 25971 bc 23 88 b 4 60 b 4

Annapolis 36273 c 406 45 b 10 64 b 17
a Means are back-transformed after using a transformation of log10(x+1) for statistical analysis. 
b A 50 cm3 subsample of soil was used to extract nematodes using the sugar centrifugation method 

and results were multiplied to display the amount of nematodes per 100 cm3 of soil.
c Means with different letters within the same column are significantly different from one another 

using Tukey's multiple means test (P≤0.05).
d Means are not significant (NS) from one another within a column using Tukey's honest significance 

difference test (P≤0.05).

Table 5.2. Means of three different measurements of Meloidogyne hapla  infection on 12 strawberry 

cultivars grown in micro-plots infected with M. hapla  eggs or in a non-inoculated control conducted 

in 2013. 

Mean number 

of eggs extracted per g of 

dried root a

Mean number of M. hapla 

juveniles extracted from 

100 cm3 of soil a b

Mean gall rating 

(% root surface area with 

galls)

Inoculated

Non-

inoculated Inoculated

Non-

inoculated Inoculated

Non-

inoculated
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Soil populations of Pratylenchus spp. were too low to detect by soil extractions in 

2013 (data not shown). Results of the root extractions however showed that the cultivar 

‘Mira’ had significantly fewer Pratylenchus spp. nematodes than the cultivar ‘Kent’ per 

gram of dried root (Table 5.4). No significant differences were observed between the 

nematode inoculation treatments with regards to strawberry root or shoot dry weight 

(Appendix J.41-42).  

 

Strawberry Cultivar Inoculated Non-inoculated

Albion 31 35

Annapolis 33 44

Bounty 33 45

Honeoye 39 46

Jewel 41 39

Kent 32 45

Mira 26 33

Sapphire 47 51

Summer Dawn 47 78

Summer Ruby 40 50

Valley Sunset 61 63

Wendy 59 65

Mean of total cultivars a 41 49 * b

Table 5.3. Mean shoot dry weight of 12 different strawberry cultivars 

grown in micro-plots inoculated or not inoculated with Meloidogyne 

hapla  eggs in 2013.

Mean shoot dry weight (g)

a Model mean values created by using PROC MIXED in SAS 

(SAS 2008 software, version 9.2 of the SAS System for Windows).

b Means values followed by an * are significantly different from one 

another within the same row using Tukey's honest significance 

difference test (P≤0.05).
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5.4.4 Cultivar Yield Trial 2012-2013 

 During the winter of 2012-2013 the trial was damaged by voles and winter kill 

which did not leave enough living strawberry plants among the cultivars ‘Albion’ or 

‘Valley Sunset’ for any statistical analysis to be performed (data not shown). No 

significant differences were seen between the berry yield of strawberry cultivars grown 

in Meloidogyne hapla inoculated and the non-inoculated micro-plots (Appendix J.43). 

There were no observed differences among cultivars in the number of M. hapla 

Strawberry cultivar

Mira 4 a b 0 NS c

Albion 6 ab 0

Annapolis 7 ab 0

Wendy 9 ab 1

Valley Sunset 12 ab 0

Summer Ruby 13 ab 0

Kent 20 b 0

c Means are not significant (NS) from one another within a column using 

Tukey's honest significance difference test (P≤0.05).

Table 5.4. Mean number of Pratylenchus  spp. individuals (per gram of 

dried root) extracted from the roots of seven different strawberry 

cultivars grown in micro-plots either inoculated or not inoculated with 

Pratylenchus spp. in the cultivar trial conducted in 2013.

Mean number of Pratylenchus  spp. individuals 

extracted per g of dried root a

Inoculated Non-inoculated

a Means are back-transformed after using a transformation of log10(x+1) 

for statistical analysis. 
b Means with different letters within the same column are significantly 

different from one another using Tukey's multiple means test (P≤0.05).
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juveniles extracted from the soil of inoculated or non-inoculated micro-plots (Appendix 

J.44).      
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5.5 Discussion  

 The strawberry cultivars differed with respect to nematodes present in their roots 

in both the 2012 and 2013 studies. This confirms the hypothesis that strawberry 

cultivars would show significant differences in the resistance to parasitism by 

Pratylenchus spp. and Meloidogyne hapla but this was not confirmed with the tolerance 

of strawberry cultivars to PPN. This was especially true for Meloidogyne hapla but some 

differences were observed with Pratylenchus spp. nematodes as well.  Other studies 

have discovered significant differences among strawberry cultivars in their resistance 

and/or tolerance to PPN parasitism (Szczygiel, 1981a; Szczygiel, 1981b; Khanizadeh et 

al., 1994; Dale and Potter, 1998; Pinkerton and Finn, 2005).  

 Previous cultivar trials found strawberry cultivars resistant to Meloidogyne hapla 

(Szczygiel, 1981b; Khanizadeh et al., 1994; Pinkerton and Finn, 2005). Our study found 

the cultivars ‘Albion’ and ‘Valley sunset’ were significantly more resistant to 

Meloidogyne hapla parasitism than 10 other strawberry cultivars demonstrated by the 

low presence of M. hapla in the roots and soil as well as gall ratings. Other studies have 

found strawberry cultivars that displayed resistance to M. hapla parasitism when 

compared to other cultivars such as ‘Glooscap’ (Khanizadeh et al., 1994), ‘Senga 

Sengana’ and ‘Glima’ (Szczygiel, 1981b).  

In this study few significant differences were found in strawberry root or shoot 

weights between plants that were inoculated with nematodes versus those that were not 

inoculated. The trial was designed to assess any change in strawberry yield associated 

with the presence of Meloidogyne hapla parasitism, but many of the plants in the trial 
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were damaged and no significant data could be collected from the surviving plants. The 

only difference observed was a significant decrease in the mean shoot dry weight of 

strawberry plants grown in inoculated compared to non-inoculated micro-plots, when 

pooled across all cultivars, during the 2013 cultivar susceptibility trial. Similarly, 

Khanizadeh et al. failed to observe any significant symptoms of Meloidogyne hapla 

nematode damage that caused a loss of plant growth or yield on strawberry 

(Khanizadeh et al., 1994) while other studies have observed such differences 

(Szczygiel, 1981b; Pinkerton and Finn, 2005). These studies were also able to show 

significant differences in plant dry (Pinkerton and Finn, 2005) and fresh (Szczygiel, 

1981b) weight among strawberry cultivars grown in Meloidogyne hapla non-inoculated 

versus inoculated pots. The lack of observable symptoms in plant growth due to 

Meloidogyne hapla parasitism could have been caused by transplanting strawberry 

plants of different sizes as there were differences in size in the acquired transplants and 

in a study by Pinkerton and Finn (2005), similar sized transplants were used.  

Additionally, the plants were grown in micro-plots that create a low-stress environment 

resulting from regular watering and fertilization. A large volume of roots that covered 

much of the available soil were observed in both inoculated and non-inoculated micro-

plots which probably allowed the maintaining of plant growth and vigor at a sufficiently 

high level that the plants were not affected by any nematode parasitism.  

 The strawberry cultivars ‘Valley Sunset’ and ‘Albion’ were found to be resistant to 

parasitism by Meloidogyne hapla during the course of this study. These two cultivars 

are grown using very different cropping systems and are the products of different 
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breeding programs (Shaw and Larson, 2006; Jamieson et al., 2010). It is likely that their 

resistance to M. hapla parasitism was derived from their respective parental lineages.  

The cultivar ‘Valley Sunset’ has a complex pedigree (Jamieson et al. 2010) and 

three of its 12 named parents (‘Vesper’, ‘Bounty’ and ‘Allstar’) were assessed for 

resistance to M. hapla in studies conducted by Szczygiel (1981b), Khanizadeh et al. 

(1994) and Pinkerton and Finn (2005). Both ‘Vesper’ and ‘Bounty’ were found to be 

susceptible to M. hapla parasitism (Szczygiel, 1981b; Khanizadeh et al., 1994) while 

‘Allstar’ was more resistant to M. hapla parasitism (Pinkerton and Finn, 2005). ‘Allstar’ 

significantly reduced nematode populations when assessed through gall ratings and 

egg extractions and only 8% of the M. hapla eggs used in the initial inoculation were 

extracted from the cultivar at the end of the study (Pinkerton and Finn 2005).  

The strawberry cultivar ‘Albion’ is a progeny of the cultivar ‘Diamante’ (Shaw and 

Larson, 2006), which, at the end of the study, was found to contain 32% of the M. hapla 

eggs used in the initial inoculation (Pinkerton and Finn, 2005). ‘Albion’ could have 

inherited genes for resistance to M. hapla parasitism from the cultivar ‘Diamante’.   

 One issue that arose with our study was the Meloidogyne hapla contamination in 

the non-inoculated micro-plots. Despite all efforts in to try and eliminate contamination 

from this source, it is likely that some of the transplanted strawberries used in our trial 

were infected with M. hapla since three of the 12 strawberry cultivars displayed galling 

symptoms on their roots upon arrival from a commercial strawberry transplant 

propagator. However, we still observed that the mean levels of M. hapla populations 

extracted from strawberry plants grown within the non-inoculated micro-plots were 
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significantly reduced when compared to populations extracted from plants grown in 

inoculated micro-plots. Contamination could have also occurred during the extraction 

process but this is unlikely due to the precautions taken. It is also possible that the 

equipment used to extract the nematodes including sieves, jars, and centrifuge tubes, 

have the possibility to retain low numbers of nematodes following each extraction. This 

type of contamination could only account for a very low level of nematodes because 

each piece of equipment was rinsed with water carefully between each extraction.  

More contamination was observed in the 2013 than in the 2012 cultivar 

susceptibility trial. Contamination could have been from one or more primary sources: 

the commercial transplants, the reused buckets in which the plants were planted 

(despite being washed and rinsed with sodium hypochlorite), and finally, the native soil 

surrounding the micro-plots contaminated by the 2012 cultivar susceptibility trial. Based 

on the visual observation of galling in the plants prior to transplant, it is likely that one of 

the sources of contamination was the source of the plants, or the propagator. Despite 

the levels of contamination observed, the cultivars ‘Albion’ and ‘Valley Sunset’ still 

displayed significantly less M. hapla parasitism than all of the other cultivars tested.  

 The 2013 trial that looked at cultivar resistance to feeding from Pratylenchus spp. 

showed only two cultivars that were different from each other. Roots of the cultivar ‘Mira’ 

had significantly fewer nematode numbers from those of the cultivar ‘Kent’. The study 

by Dale and Potter (1998) rated the cultivar ‘Kent’ as one of the most susceptible 

cultivars towards P. penetrans parasitism, with a mean nematode load 

([N(root)+200*N(soil)]/root dry weight) of 1236. In their study, the authors found ‘Kent’ 
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contained the third highest nematode load when compared to the other19 strawberry 

cultivars in the study (Dale and Potter 1998).  

 No significant differences were found in either root or shoot weight between 

plants grown in Pratylenchus spp. inoculated and non-inoculated micrio-plots. This was 

comparable to the results obtained by Dale and Potter (1998) who also found no 

significant differences in the plant shoot weight of strawberry plants that were grown in 

soil containing Pratylenchus penetrans verses soil that did not contain populations of 

the nematode. In another study conducted by Szczygiel (1981a), however, significant 

differences among cultivars in both nematode reproduction and percent fresh weight of 

plants grown in Pratylenchus penetrans inoculated soil compared to non-inoculated soil 

were found. It is difficult to see exactly why our study and the one conducted by Dale 

and Potter (1998) differed from the one conducted by Szczygiel (1981a) in regards to 

measurements of tolerance. The study conducted by Dale and Potter (1998) was 

conducted as a field micro-plot trial with plants grown in fumigated and non-fumigated 

soil. The study conducted by Szczygiel (1981a) was conducted as a pot trial in a 

greenhouse with five cultivars grown in P. penetrans inoculated soil. There could have 

been less variation in plant size with the study conducted by Szczygiel (1981a) than in 

our study or the one conducted by Dale and Potter (1998). Variation in the field 

conditions could have also been an influence (Dale and Potter, 1998).    

Due to the lack of Pratylenchus spp. individuals in our cultures, the scope of the 

experiment in 2013 was limited to only a few cultivars and there was no time to repeat 

the experiment. As such, the results of this study are not as strong when compared to 

other studies that used soil containing a larger concentration of Pratylenchus spp. and 
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multiple years of repetition (Szczygiel, 1981a; Dale and Potter, 1998). Since significantly 

fewer Pratylenchus spp. were extracted from the roots of the cultivar ‘Mira’ than the 

susceptible cultivar ‘Kent’, ‘Mira’ should be further investigated as a source of resistance 

to Pratylenchus spp. parasitism in future studies. 

Based on the results of both our study and previous studies that have looked at 

cultivar resistance to Meloidogyne hapla and Pratylenchus spp. parasitism, there 

appears to be greater differences between resistant and susceptible cultivars to 

Meloidogyne hapla parasitism compared to the differences observed for Pratylenchus 

penetrans parasitism. The most susceptible cultivar to M. hapla parasitism, 

‘Redgauntlet’ had over 66 times more juveniles extracted per gram of root compared 

with the most resistant cultivar ‘Senga Sengana’ in a study by Szczygiel (1981b). The 

differences between resistant and susceptible strawberry cultivars to Pratylenchus 

penetrans parasitism were not as large. The most susceptible cultivar, ‘Georg 

Soltwedel,’ had just under seven times the number of nematodes extracted per gram of 

root from the most resistant cultivar, ‘Redchief’ (Szczygiel, 1981a). The varying 

differentiation between susceptible and resistant cultivars is likely due to the difference 

in the feeding habits between the two genera (Perry and Moens, 2006) and the ability of 

the strawberries to resist the sedentary endoparasitism of Meloidogyne hapla as 

compared to the migratory endoparasitism of Pratylenchus penetrans.  

 The strawberry cultivar susceptibility trials conducted in 2012 and 2013 have 

found two cultivars that could be classified as resistant to Meloidogyne hapla parasitism. 

Cultivars ‘Albion’ and ‘Valley Sunset’ had little to no visible galling and nematode 

reproduction was greatly reduced during both years of experimentation. Results from 
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the current study and results from other studies have demonstrated that some 

commercial strawberry cultivars are resistant to M. hapla parasitism (Szczygiel, 1981b; 

Khanizadeh et al., 1994; Pinkerton and Finn, 2005). Therefore, if implemented properly, 

breeding for resistance could be a useful tool to increase M. hapla resistance in future 

cultivars for strawberry production. It could also be a tool for growers to use to help 

reduce the populations of M. hapla in the fields alongside other nematode management 

options like crop rotation, fumigation and other nematode control methods. Even though 

the trial for Pratylenchus spp. resistance in strawberry was small with no repetition, 

results on the susceptible cultivar ‘Kent’ seemed to coincide with results found in 

previous literature (Dale and Potter, 1998). Based on data collected during the one year 

of that study, the strawberry cultivar ‘Mira’ should be examined further for potential 

resistance to Pratylenchus spp. parasitism.  
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CHAPTER 6: EFFICACY OF ALTERNATIVE CONTROLS FOR THE MANAGEMENT 

OF MELOIODGYNE HAPLA ON STRAWBERRY 

 

 

6.1 Abstract 

 A trial was conducted to assess the effectiveness of four different products in 

reducing Meloidogyne hapla populations within the soil and subsequently within 

strawberry roots. The study was conducted using plants grown outside in pots then 

moved to the greenhouse and consisted of seven different treatments: a mixture of 

oleoresin of capsaicin and the essential oil of mustard (Dazitol), oriental mustard seed 

meal (MustGrow), fluensulfone (Nimitz), two different rates of abamectin (Agri-Mek 

1.9%), a positive control applied with metam sodium (Busan 1236) and a untreated 

control. Significantly more root galling was observed on plants grown in the MustGrow 

treatment than all other treatments except the abamectin treatment applied at 2L/ha.  

Significantly fewer nematode eggs were found on the strawberry roots of plants grown 

in fluensulfone treated soil than the roots of plants grown in non-inoculated soil. Overall 

infection rate was very low in this study, even in the untreated pots.   



 

 108  

6.2 Introduction 

 Since the 1960’s the most popular method to manage soil-borne PPN was 

through chemical soil fumigation (Martin, 2003). The most commonly used fumigant for 

nematode management worldwide was methyl bromide, however its use has been 

phased out by many nations in accordance with the Montreal Protocol due to its 

environmental impacts in depleting the ozone layer (Zasada et al., 2010). In Canada a 

combination of 1, 3-dichloropropene and chloropicrin had been used for many years 

(Spotti et al., 2011), but 1, 3-dichloropropene is no longer available in Canada (PMRA, 

2010). Other chemical fumigants used to manage PPN in soil belong to the methyl 

isothiocyanate generators including metam sodium and metam potassium (Martin, 

2003). These chemicals provide variable results for soil borne nematode control 

because they do not distribute evenly throughout the soil (Martin, 2003). Other 

alternative methods and protocols should be investigated and evaluated for their 

efficacy to reduce PPN in soil due to the limited availability of registered chemicals that 

can be used for nematode management.  

 One new product under development is oriental mustard seed meal formulated 

as a pellet and now available under the product name MustGrow (Mustard Products and 

Technologies Inc., Saskatoon, Saskatchewan, Canada). When incorporated into the 

soil, glucosinolates contained in oriental mustard meal are converted to isothiocyanates 

in the presence of water by the enzyme myrosinase (Yu et al., 2007b). Isothiocyanates 

are toxic to nematodes and other soil organisms such as insects and fungi (Yu et al., 

2007b). The mustard meal also has an additional benefit of increasing soil organic 

matter (Yu et al., 2007b) that can increase the availability of soil nutrients to plants and 
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improve the soil’s ability to retain moisture (Akhtar and Malik, 2000). Another product 

under development is called Dazitol containing the essential oil of mustard and 

oleoresin of capsaicin. The product is sold in a water-based liquid formulation and can 

be applied through a drip irrigation system via an injector or can be applied as a soil 

drench (Engage Agro USA, 2012). Some insecticides also have nematicidal properties 

including the chemical abamectin (Qiao et al., 2012). Abamectin is already registered in 

Ontario for management of mites on strawberries and other crops and could be adapted 

as a potential product for the management of PPN. Finally, a newly discovered chemical 

called fluensulfone [5-chloro-2-(3,4,4-trifluoro-but-3-ene-1-sulfonyl)-thiazole] has been 

found to contain nematicidal properties while having low toxicity towards non-target 

organisms (Oka et al., 2013). The compound is the active ingredient of a new product 

Nimitz (Adama, Raleigh, NC, USA).  

 The objective of this preliminary study was to determine the efficacy of four 

potential alternative products to soil fumigants that could be used to reduce 

Meloidogyne hapla soil populations and subsequently reduce infection of strawberry 

plants.  
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6.3 Materials and Methods 

6.3.1 Experimental Design 

A trial was established to compare the efficacy of various commercially available 

products and products under development for the management of Meloidogyne hapla in 

strawberry. The trial consisted of 7 different treatments replicated in 5 blocks. The 

treatments consisted of the following products: oriental mustard seed meal (under the 

product name MustGrow), fluensulfone (Nemitz), a mixture of the essential oil of 

mustard and oleoresin of capsaicin (Dazitol), abamectin (Agri-Mek 1.9%) following the 

recommended rate for managing mites on strawberries, abamectin applied using double 

the recommended rate, a positive control consisting of metam sodium (Busan 1236, 

Buckman Laboratories of Canada, Ltd., Vaudreuil-Dorion, QC, Canada) and an 

untreated control. Each treatment was applied following the registrant’s recommended 

label application rate and time before planting for their use on strawberries (if available) 

except one abamectin treatment’s rate was doubled. Treatments were applied to soil in 

pots outside of the greenhouse for safety reasons. Treated and non-treated pots were 

moved into the greenhouse two days after transplanting strawberries.  

Sand and soil (80:20 sand:soil mix) were dried at 180°C for five minutes, allowed 

to cool in 3000lb totes and then separated into 50 lb bags, prior to delivery by 

Hutcheson Sand and Mixes (Huntsville, ON, Canada). The pre-treated 80:20 sand:soil 

mix was sued to fill 20 cm diameter pots.  



 

 111  

Meloidogyne hapla eggs were extracted from tomato plants on 20 August 2013 

using the egg extraction method developed by Hussey and Barker (1973, see Appendix 

F). The soil of treated and non-treated pots were inoculated with approximately 10000 

M. hapla eggs per pot on 21 August 2013 by making five 10 cm deep by approximately 

0.8 cm wide evenly spaced holes using a stick of bamboo approximately 5 cm from the 

edge of the pot. M. hapla eggs were dripped in 1 mL aliquots of water containing 

approximately 2000 eggs/mL into each hole using a micropipette. The holes were then 

covered up with the displaced soil.  

One hour after inoculation, the metam sodium treatment was applied to the 

designated pots by digging a 10 cm deep trench that was 10 cm long by 1 cm wide in 

the center of the pot and depositing 1.50 mL of the prepackaged chemical (42% metam 

sodium applied at a rate of 478.5 L/ha or 201 L/ha of the active ingredient) along the 

trench. The trench was covered with soil, packed in gently by hand, and the treated pots 

were sealed immediately by two layers of clear plastic bags. Non-treated inoculated 

pots were sealed with plastic bags for comparison. One plastic bag was placed over the 

top of the pot and secured around the pot by an elastic band. The sealed pots were 

placed inside a second plastic bag and sealed by rotating the end of the plastic bag and 

knotting the top. The treated and untreated pots were removed from the plastic bags 

two days after treatment on 23 August 2013.  

MustGrow (oriental seed meal) was applied on 28 August 2013 by mixing 6.05 g 

of the product into the soil at a depth of 15 cm by hand at a rate of 192.5 g/m2 (1925 

kg/ha). The pots were then watered lightly until the soil was moist (soil was wet but not 

at field capacity).  
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Nimitz (fluensulfone 480 g/L) was applied on 4 September 2013. The solution 

was made up in five 2 L plastic bottles by adding 26.6 µL of the product to 400 mL of 

deionized water to each bottle. The compound was then applied to the designated pots 

by soil drench with the aid of a watering can to deliver the equivalent of 4 kg 

fluensulfone per hectare. 

Dazitol was applied to the designated pots on 6 September 2013 by mixing 

1.5mL of Dazitol (0.42% oleoresin of capsicum and 3.70% allyl isothiocyanate from the 

essential oil of mustard) with 8.5mL of deionized water. A 10 cm long deep trench that 

was 10 cm long by 1cm wide was dug in the center of each designated pot and 1.26 mL 

of the Dazitol solution was deposited evenly in the trench and then covered up with soil.  

A single strawberry ‘Kent’ plant obtained from a propagator was transplanted in 

the center of each pot on 11 September 2013.  

Agri-Mek (1.9% abamectin EC) was applied directly after transplanting using a 

four nozzle bicycle sprayer elevated so spray would be even with the soil surface of the 

pots. Designated pots were sprayed with either abamectin at 1 L/ha (1x the 

recommended rate of abamectin used for the management of mites on strawberry) or 2 

L/ha (2x rate). Treatments were prepared in two 2 L plastic bottles with one containing 

1.33 mL of the Agri-Mek (1.9% abamectin)  mixed into  498.67 mL of deionized water 

(1x rate) and the other containing 2.67 mL of abamectin concentrate mixed into 497.33 

mL of deionized water (2x rate).  

Pots were placed in the Bovey greenhouse (University of Guelph, Guelph, 

Ontario, Canada) on 13 September 2013 and grown at 21°C and 16 h days using 
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supplementary lighting (emitting a light level of approximately 60 to 70 micromoles per 

m2 per second) to extend the natural day length. Plants were fertilized once per week 

using a consistent amount of water per pot containing 1.25g/L of 20-20-20 Plant Prod 

Classic fertilizer (Master Plant-Prod Inc., Brampton, Ontario, Canada).  

Three different methods were used to measure the number of nematodes 

present in the pots: the number of eggs extracted per dried gram of root, the number of 

Meloidogyne hapla juveniles per 100 cm3 of soil, and the number of galls counted per 

root. Plants including the roots growing in pots were separated from the soil on 9 

December 2013 using a sieve with a 0.5 cm opening. The soil from each pot was then 

mixed and a 500 cm3 subsample was used for nematode extractions. Plants were 

washed and separated into leaves, crowns and roots. Leaves and crowns were 

counted, dried and weighed. Root galls were counted on each root system. 

Meloidogyne hapla eggs were extracted from the roots using the egg extraction method 

by Hussey and Barker (1973; see Appendix F). M. hapla juveniles were extracted from 

the soil using the SC method (Jenkins, 1964; see Appendix A). Eggs and juveniles were 

identified (Clemson University 2011) and counted using an Olympus SZX12 

stereomicroscope (Olympus Canada Inc., Richmond Hill, ON, CA). Roots were dried at 

50°C until no significant decrease in weight was observed and then weights were 

measured and recorded. 
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6.3.2 Statistical Analysis 

 Statistical analysis was performed using SAS software, version 9.2 of the SAS 

System for Windows (SAS 2008). Means comparisons were conducted using the PROC 

MIXED procedure and multiple means were compared using Tukey’s honest 

significance difference test with the alpha value set to 0.05. A correlation was conducted 

using PROC CORR.  
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6.4 Results 

 There were no Meloidogyne hapla juveniles extracted from the soil by the sugar 

centrifugation extractions (data not shown). Three of the five strawberry plants grown in 

metam sodium treated soil died so the treatment was not included within the statistical 

analysis. The two plants that did survive had 36 and 21 galls on the roots. Strawberries 

grown in pots applied with MustGrow had significantly more galls on the roots when 

compared with other treatments except the 2 L/ha abamectin treatment (Table 6.1).  

There were low numbers of Meloidogyne hapla eggs extracted from the 

strawberry roots of all the treatments, including the plants grown in the untreated pots. 

Roots of plants grown in inoculated soil and treated with Nemitz contained significantly 

fewer M. hapla eggs compared to the roots of plants grown in non-treated inoculated 

soil (Table 6.1). Some plants grown in soil treated with metam sodium died and the data 

could not be used in the statistical comparison. However, the two surviving plants 

yielded 0 and 32 eggs per gram of dried root.  

The correlation between the number of eggs extracted per gram of dried root and 

the number of galls counted per plant was not significant (P = 0.26). No significant 

differences in dried root weight and total dried plant weight were observed among each 

of the treatments and the untreated control (Appendix J.47-48). 
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Treatment

Untreated 18 b a 115 a 

Dazitol 11 b 86 ab

Abamectin 2L/ha 25 ab 42 ab

Abamectin 1L/ha 16 b 40 ab

MustGrow 46 a 35 ab

Fluensulphone 10 b 11 b

Table 6.1. Mean number of galls counted per strawberry plant and 

mean number of Meloidogyne hapla  eggs extracted per gram of dried 

root from strawberry plants grown in pots from 15 September till 9 

December 2013. The soil contained in each pot was either untreated 

or treated with different nematode management products at or 

before planting. 

Mean number of 

galls/plant

Mean number of 

eggs/g of dried root

a Means with different letters within a column are significantly 

different from one another using Tukey's multiple means test 

(P≤0.05).
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6.5 Discussion 

 The number of root galls per plant did not correlate with the number of eggs 

extracted from the strawberry roots possibly due to the low Meloidogyne hapla 

parasitism that was present in this study. A study by Khanizadeh et al. (1994) found 

both measurements to be statistically comparable to each other but there was a much 

higher level of successful parasitism by M. hapla in their study.   

 Fluensulphone was effective in reducing the number of eggs when compared 

with the untreated control. Oka et al. (2009) found fluensulphone to be effective at 

reducing the number of eggs of Meloidogyne javanica on tomato when as little as 1 mg 

of the active ingredient (ai) was applied per litre of soil. The amount of product that was 

added in our trial was 4 mg of fluensulphone/L of soil. The results of our study along 

with the Oka et al. (2009) study suggest that this product could significantly reduce 

Meloidogyne hapla populations when applied to soil.  

 Although no other products were effective at reducing the number of galls or 

eggs on the roots of strawberries when compared with the untreated control, we found 

that plants grown in soil treated with MustGrow, a commercial brand of oriental mustard 

seed meal (Brassica juncea), had significantly more galls on the roots of the strawberry 

plants when compared to all of the other treatments except the abamectin at the 2x rate. 

This result is puzzling and could be attributed to the low parasitism observed in this 

study skewing the results. It could also be due to the fact that the meal releases 

nitrogen into the soil which benefits the plant (Yu et al., 2007b) and this could have the 

undesirable effect of benefiting PPN as well. Studies have had varying results when 
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testing the use of oriental mustard to manage PPN populations. An experiment by Yu et 

al. (2007b) found that applications of 0.05% (weight of meal per soil weight) mustard 

bran and seed meal were effective in reducing Pratylenchus penetrans populations in 

both the roots and the soil. Plowing under a Brassica juncia ‘Domo’ cover crop had no 

significant effect on P. penetrans populations in a study by McKeown and Potter (2001).    

 The product Dazitol was not found to provide significant reduction of M. hapla 

parasitism. The active ingredients of Dazitol contain both isothiocyanate, found in the 

essential oil of mustard, and oleoresin of capsicum. Isothiocyanate is the active 

ingredient that makes some mustards good cover crops to suppress PPN populations in 

soil (Yu et al. 2007b). Capsicum is a chemical that is extracted from chilli peppers. In a 

study by Neves et al. (2009) extracts of chili pepper fruit (Capsicum frutescens), applied 

to the soil at a rate of 1000 ppm four days before transplanting, significantly reduced the 

number of galls on tomato roots caused by Meloidogyne javanica but did not 

significantly reduce the number of eggs extracted from the roots when compared to an 

untreated control.  

 Abamectin applied to strawberry transplants grown in inoculated soil did not 

reduce M. hapla parasitism in this study. Abamectin is used as a foliar insecticide and 

AgriMek 1.9% EC is formulated to control mites on strawberries. Previous research has 

found that this chemical has nematicidal properties (Lopez-Perez et al. 2011; Qiao et al. 

2012). Applications of 200mL of 0.25 ppm solution of abamectin significantly reduced 

Meloidogyne incognita infection on tomato at the time of planting but a pre-plant 

treatment did not significantly reduce nematode infection of the plant (Lopez-Perez et al. 

2011). Applications of abamectin to control M. incognita on tomato did significantly 
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reduce galling on the roots at concentrations of at least 5 L of abamectin/ha in a study 

by Qiao et al. (2012). Considering that in this study we used applications of 1 L/ha and 2 

L/ha in this preliminary trial, a higher dosage is recommended for future trials. 

Too many plants died in pots treated with metam sodium to properly compare 

nematode populations extracted from the root with pots treated with other products. This 

makes it impossible to confirm or deny the hypothesis that the tested products would be 

able to reduce Meloidogyne hapla populations compared to commercial nematicides. 

 The number of Meloidogyne hapla in both the roots and the soil of non-treated 

pots were very low in this study. Only 2.5% of the 10000 eggs used to inoculate pots 

were extracted at the end of the study. This could be due to a number of factors. One is 

that the inoculated pots were sitting outside and not brought into the greenhouse until 

24 days after inoculation. During this time period the pots were exposed to periods of 

intense soil temperature extremes from 2 to 36.6°C. The pots were also exposed to 34 

mm of rain on 26 and 27 August 2013 which could have washed the eggs down to the 

bottom of the pot. These two factors could have contributed to the low infection rate 

seen in this study. The reproduction rate of Meloidogyne hapla is very temperature 

dependent (Perry and Moens, 2006) and the extreme change in temperatures could 

have decreased egg viability and the infection rate of the nematode juveniles. 

Penetration of M. hapla juveniles on alfalfa roots dropped below 50% of the amount of 

juveniles used to inoculate the soil when plants were grown at temperatures below 12°C 

and above 32°C (Griffin and Elgin, 1977). The amount of time without a host could have 

also been a factor. High temperatures can trigger egg hatching and the hatched 

juveniles would need to find food before depleting the food reserves in their intestine 



 

 120  

(Perry and Moens 2006). To improve future studies of this kind the timing of the study 

should be done when there are fewer temperature extremes and under shade to reduce 

the exposure of inoculated pots to high temperatures and intense rain. The current 

study was designed to apply the products at different dates in order to follow the 

instructions described on the label in regards to the application before planting date. In 

hindsight it might be more beneficial to apply the products on the same day so they can 

be applied to nematodes within a similar stage of their life cycle.  
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CHAPTER 7: GENERAL DISSCUSSION 

 

The four studies conducted for this thesis served an overall goal of gaining more 

information to help improve strawberry production by reducing nematode parasitism. 

The goal of the first study was to determine the efficacy of different methods for 

extracting plant parasitic nematodes (PPN) from the roots and soil of strawberry fields. 

The goals of the second study were to find the distribution and population of the PPN 

genera in southern and eastern Ontario strawberry fields and to find any correlations 

with potential factors that may influence PPN distribution and populations. The third 

study was conducted to assess the resistance and tolerance of different strawberry 

cultivars to both Pratylenchus spp. and Meloidogyne hapla parasitism. The goal of the 

fourth study was to conduct a trial to evaluate newer products for their ability to reduce 

Meloidogyne hapla parasitism on strawberry. Improvements in nematode sampling, 

extraction and management methods will equip growers with the tools needed in 

managing PPN.  

The first step in helping strawberry growers is to identify the problem. A 

strawberry grower needs to be able to accurately identify if there is a problem with PPN 

within a field. An example of an active extraction method, the Baermann pan (BP) 

method (McSorley and Frederick, 2004) was compared to a passive extraction method, 

the sugar centrifugation (SC) method (McSorley and Frederick, 2004). The BP method 

was able to extract the most Pratylenchus spp. from the soil while there was no 

significant difference between PB and SC in extracting Meloidogyne spp. from the soil. 
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Though no significant differences were seen between the two methods, using a tube 

rather than a number 500 sieve to collect nematodes extracted from the BP yielded 

more PPN in every test conducted in this study. This might be enough to recommend 

using a tube for nematode collection when performing a BP extraction method.  

Though the BP is a very efficient method for extracting Pratylenchus spp. and 

Meloidogyne spp. from the soil, SC has been found to have its advantages as well. One 

is that the extraction can be conducted in approximately 15 minutes, allowing samples 

to be counted quickly while the BP takes approximately one week. Additionally, the SC 

method is more effective at extracting certain genera, including Helicotylenchus spp. 

(Barker et al., 1969; Harrison and Green, 1976; Rodriguez-Kabana and Pope, 1981), 

Longidorus spp. (Harrison and Green, 1976) and Xiphinema spp. (Barker et al., 1969).  

 After nematodes are identified and deemed to be a significant threat to the 

grower’s strawberry production, the grower will need to choose a management option. 

This could include soil fumigation (Martin, 2003; d’Errico et al., 2011) or other chemical 

treatments (Oka et al., 2009; Wiratno et al., 2009; Qiao et al., 2012; Yeh et al., 2012), 

crop rotation (LaMondia, 1999b; Ball-Coelho et al., 2003) and organic amendments (Yu 

et al., 2007a; Neves et al., 2009) but could also include fertilizer applications (Oka et al., 

2007; Habash and Al-Banna, 2011; Dias-Arieria et al., 2012) and the planting of 

resistant cultivars (Szczygiel, 1981a; Szczygiel, 1981b; Khanizadeh and Lareau, 1994; 

Dale and Potter, 1998; Pinkerton and Finn, 2005).  

The use of soil fumigation to manage PPN is becoming limited as older products 

are no longer available (PMRA, 2010) and alternative products are not providing the 
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same efficacy (d’Errico et al., 2011; Martin, 2003). Fumigation may also not be a 

sustainable practice due to its negative impact to the soil ecosystem but research 

assessing the harm that fumigation causes on the soil biology has mixed results 

(Yeates and van der Meulen, 1996; Westphal and Becker, 2001; Pyrowolakis et al., 

2002). A study conducted by Yeates and van der Meulen (1996) looked at two pastures 

that were fumigated with methyl bromide and assessed PPN populations over time and  

compared numbers to a non-fumigated field. One of the pastures fumigated with the 

methyl bromide kept PPN populations down after 4.3 years when compared with the 

non-fumigated field while in the other field treated with methyl bromide, the PPN 

populations increased over time (Yeates and van der Meulen, 1996). 

Soils can contain organisms that may suppress PPN populations. Soils able to 

suppress Heterodera schachtii (Westphal and Becker, 2001) and Meloidogyne incognita 

populations have been documented (Pyrowolakis et al., 2002). Many organisms can 

contribute in making a soil suppressive to PPN including Fusarium oxysporum, 

Dactylella oviparasitica, and Paecilomyces lilacinus (Westphal and Becker, 2001). 

Fumigation might eliminate PPN predators or antagonists that could reduce the damage 

to the strawberry plants to a commercially acceptable level.  

Insecticide applications, including organophosphates, carbamate and synthetic 

pyrethroids, were found to coincide with fewer Meloidogyne spp. populations in both the 

soil and the root samples from the survey of strawberry fields conducted in 2011 in this 

study and this could suggest that they have nematicidal properties. Organophosphates 

and carbamates have been found to decrease Pratylenchus spp. populations when 

applied directly in the soil but only carbamates have been observed to decrease 
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Pratylenchus spp. populations when inside the root of tomato (Yeh et al., 2012). 

Synthetic pyrethroids have been found to cause mortality with Meloidogyne incongita 

juveniles (Wiratno et al., 2009). 

The same insecticide treatments that appeared to reduce Meloidogyne 

populations in our study, however, were found to coincide with high population levels of 

Pratylenchus spp. populations in the soil and the roots of strawberry plants. The 

differences observed between Meloidogyne spp. and Pratylenchus spp. populations to 

insecticide applications cold be a result of differences in the biology of the two genera, 

or it could be that not enough fields were surveyed and any effects of nematicides that 

are being observed could simply be coincidence.  

Other products, either commonly used as insecticides or nematicides, may have 

the ability to reduce PPN populations while not having as negative an impact on soil 

ecology as fumigants. The insecticide abamectin has been evaluated for its efficacy in 

reducing Meloidogyne hapla populations on strawberry (Qiao et al., 2012). An 

application of 5 L/ha was decreased root galling caused by Meloidogyne incognita on 

tomato (Qiao et al., 2012). In our study, however, no significant differences were 

observed between the number of M. hapla eggs extracted from untreated versus 

abamectin-treated pots, although the applications did decrease the number of 

nematode eggs extracted from strawberry roots. The lack of observed differences in the 

soil could have been due to combination of the low infection rate of M. hapla in the trial 

and the low rate of application. More studies would need to be conducted with 

strawberries before this product could be recommended for use.  
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The chemical fluensulphone has also be found by other studies to reduce 

Meloidogyne javanica populations on tomato (Oka et al., 2009) and in our study this 

product also led to a significant reduction in the number of Meloidogyne hapla eggs 

extracted from strawberry roots when compared with plants grown in untreated, 

inoculated soil. The product is being released as the nematicide Nimitz and should be 

able to aid strawberry growers in PPN management in the future.   

Organic amendments are another option to manage PPN. Oriental mustard 

(Brassica juncea) products have been seen to reduce PPN populations in a previous 

study by Yu et al. (2007b) but the product Mustgrow (a commercial product containing 

ornamental mustard seed meal) did not reduce the number of Meloidogyne hapla eggs 

extracted from the strawberry roots compared to that of strawberry plants grown in the 

untreated, inoculated control. A mixture of oleoresin of capsaicin and the essential oil of 

mustard was tested as the product Dazitol but its application was not able to 

significantly reduce the number of Meloidogyne hapla eggs beyond the untreated, 

inoculated control. Capsicum extracted from crushed chili pepper fruit (Capsicum 

frutescens) has previously been reported to reduce the number of galls caused by 

Meloidogyne javanica on tomato (Neves et al., 2009). The poor survival of M. hapla in 

the non-treated pots in our study could have influenced the results. These two products 

might have better success in future studies with environmental conditions beneficial for 

the survival of Meloidogyne hapla.   

Rotation of strawberry crops with a non-host species is another method that 

could be employed to manage PPN populations. In the survey of strawberry fields 

conducted in 2011, there were lower numbers of Pratylenchus spp. nematodes 
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extracted from the soil in fields that contained crops resistant to Pratylenchus parasitism 

than fields that contained susceptible crops the year before planting strawberries. The 

problem is that there are only a few crops that can be used in a rotation to manage 

Pratylenchus spp. in Ontario. In the survey conducted in 2011, pearl millet, cultivar 

‘Canadian Forage Pearl Millet Hybrid 101,’ and oriental mustard (Brassica juncia) were 

used. Other crops that can be used in rotations include the oat cultivar ‘Saia’ (Avena 

strigosa) and the sorgho-sudangrass cultivar ‘Triple S’ (Sorghum bicolour x S. 

sudanense) (LaMondia, 1999b). The disadvantage to using a crop rotation is that 

strawberries cannot be planted in the years used for rotation. 

A survey of nematode populations and soil types was conducted in this study and 

provided interesting results that could help strawberry growers with PPN management. 

Many soil properties were found to be negatively correlated with soil-born PPN 

populations including pH, potassium and magnesium. Fertilizer applications have been 

found to decrease PPN populations (Habash and Al-Banna, 2011; Kularathna et al., 

2014). The application of the fertilizer Magphos (containing % phosphorus, 6% 

potassium and 6% magnesium) to the soil was found to reduce the number of galls and 

egg masses of both Meloidogyne incognita and M. javanica on tomato when compared 

to plants grown in untreated pots (Habash and Al-Banna, 2011). Cotton grown in soil 

low in phosphorus and high in potassium contained more Rotylenchulus reniformis eggs 

than cotton grown in soil high in phosphorus and in soil low in phosphorus and 

potassium (Kularathna et al., 2014). Future research could be conducted using fertilizer 

treatments to help reduce the development of PPN on strawberry plants.  
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Resistant cultivars are another tool that can be used to manage PPN 

populations.  This study found that two strawberry cultivars, ‘Albion’ and ‘Valley Sunset’ 

were resistant to Meloidogyne hapla parasitism. Cultivars that reduced M. hapla 

parasitism did not appear to decrease Pratylenchus spp. populations. Finding cultivars 

resistant to Pratylenchus spp. is a challenge but the cultivar ‘Mira’ appears to show 

some promise. The low number of Pratylenchus spp. nematodes available to be used 

as inoculum in this trial, however, was a limitation to finding resistant cultivars to this 

PPN.  

From the results of this study we are recommending to growers that they use the 

cultivar ‘Albion’ in soil infested with Meloidogyne hapla in day neutral strawberry 

production. If a June bearing strawberry production system is being used then damage 

from M. hapla could be mitigated by using the cultivar ‘Valley Sunset.’ However, since 

this cultivar produces a crop very late in the season the strawberry cultivars used to 

produce an early and mid season crop will still be susceptible. Strawberry breeders 

could assist by producing more strawberry cultivars that are resistant to Meloidogyne 

hapla to provide more options to growers. If growing strawberries in soil infested with 

Pratylenchus spp. the cultivar ‘Mira’ could provide some resistance. ‘Mira’ is a late 

midseason cultivar, so as with ‘Valley Sunset’ and Meloidogyne resistance, early and 

late season cultivars would still be susceptible (Jamieson et al., 2001).  

This study found that PPN that affect strawberry can be more efficiently extracted 

from the soil using the BP method using a tube to concentrate the nematodes. It also 

found that Pratylenchus was the most common nematode found strawberry fields 

residing in southern and eastern Ontario. Pratylenchus were mostly found in strawberry 
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fields of Simcoe and Peterborough Counties while Meloidogyne were mostly found in 

Norfolk County. Certain soil properties including pH and the amounts of phosphorus, 

potassium, magnesium, calcium, sodium and silt were found to have relationships with 

the soil populations of specific PPN genera. Populations of Pratylenchus within the soil 

were fewer when crops resistant to Pratylenchus penetrans were planted the year 

before strawberries were planted when compared to susceptible crops. Also 

Meloidogyne populations within the soil and the root in strawberry field were fewer when 

insecticides were sprayed on fields compared to fields not sprayed with insecticides. 

The cultivars ‘Albion’ and ‘Valley Sunset’ were found to be resistant to Meloidogyne 

hapla while the cultivar ‘Mira’ may be resistant to Pratylenchus parasitism. The chemical 

fluensulphone was able to reduce M. hapla eggs on strawberry compared to a non-

inoculated control. It is recommended that strawberry growers could reduce the impact 

of PPN by providing crop rotation using resistant crops and use resistant cultivars. New 

chemical controls such as fluensulphone could be used in the future when they have 

been tested and approved for use on strawberries in Canada.   

From the research conducted in this study it is apparent that no one method 

should be used alone to manage PPN in strawberry fields. A combination of the 

methods mentioned previously can be used to mitigate the damage and manage PPN 

populations. At a time when chemical control options are becoming more restricted, 

growers need a variety of options to mitigate losses in strawberry production. A 

disturbing observation discovered while performing the strawberry cultivar studies was 

the presence of Meloidogyne hapla eggs on strawberry transplants received from 

commercial propagators. This might be a clue that the recent changes in chemical 



 

 129  

options used by strawberry growers and propagators to control PPN no longer provides 

the efficacy seen in the past and PPN will be a greater challenge in the future. Providing 

and refining management options for the strawberry industry will greatly aid growers in 

tackling the problem of PPN. 
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Appendix A: Sugar Centrifugation Protocol 

 

 

Extraction modified from Jenkins (1964). 

Jenkins, W. R. 1964. A rapid centrifugal-flotation technique for separating nematodes 

from soil. Plant Disease Reporter 48: 692. 

 

1 Place sample through a large-hole sieve onto brown paper and rub sample 

through holes to break aggregates and homogenize sample. Mix well on 

paper before removing aliquot. 

2 Place 50mL (or amount otherwise stated) soil on a #40 mesh sieve (0.425mm 

opening) and wash thoroughly with medium pressure to depth of 

approximately 1/3 of standard bucket. 

3 Let sit for 30 seconds. 

4 Carefully pour through a #400 mesh sieve (0.038mm opening), taking care 

not to include sediment. Make sure to agitate sieve while holding bucket 

steady and hold sieve at a 30 degree angle. 

5 Rinse sieve with tap water (low pressure – enough to rinse soil to bottom, but 

not enough to lose any soil or liquid from top). 

6 Wash sieve with water bottle and funnel material into centrifuge tube. 

7 Balance tubes to approximately 1g. 
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8 Spin at 3400 rpm for 6 minutes. 

9 Immediately decant supernatant and add sugar solution (454g/L). 

10 Mix thoroughly to break up pellet using stirring rod. 

11 Balance tubes to approximately 1g.  

12 Spin at 3400 rpm for 2 minutes. 

13 Pour supernatant into a #500 mesh sieve (0.025mm opening), taking care not 

to disturb pellet.  

14 Rinse sieve thoroughly with tap water (low pressure enough to rinse soil to 

bottom, but not enough to lose any soil or liquid from top). Rinse so that all 

the sugar is removed from the sieve and nematodes.  

15 Rinse thoroughly with squeeze bottle and pour into counting dish.   
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Appendix B: Baermann Pan Extraction Method 

 

 

Extraction modified from Townshend (1963). 

Townshend, J. L. 1963a. A modification and evaluation of the apparatus for the 

Oostenbrink direct cottonwool filter extraction method. Nematologica 9:106-110. 

 

1 Separate 3 2-ply tissue into 6 separate tissues and arrange them diagonally 

from one another.  

2 First Apparatus Setup: Place a pet-proof screen (cut to fit) into a 15 cm petri 

dish held up by two ringed plastic straws and place the stack of tissues on top 

of the screen.  

OR 

2 Improved Apparatus Setup: Place a pet-proof screen (cut to fit) into a 15 cm 

petri dish and place the stack of tissues on top of the screen.  

3 Place 50g of soil (wet) on top of the tissue and spread it evenly. 

4 Fold tissue around soil and fill pan with tap water until water is level with the 

lower surface of the soil line. 

5 After 1 week remove screen containing the soil and tissue. 
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If using 500 mesh sieve to concentrate extraction for counting: 

6 Wash screen and bottom of tissue using a squeeze bottle into a 500 mesh 

(0.025mm opening) sieve. 

7 Poor contents of pan into number 500 mesh sieve and use a squeeze bottle 

to rinse the pan into the sieve. 

8 Poor contents of 500 mesh sieve and use squeeze bottle to rinse the sieve 

contents into a counting dish. 

If using a tube to concentrate extraction for counting: 

6 Spray bottom of tissue and sieve with water using a squeeze bottle into a 

50mL round bottom centrifugation tube. 

7 Poor contents of pan into another 50mL round bottom centrifugation tube and 

rinse pan with squeeze bottle.  

8 Wait 24 hours and use a 50mL pipette to remove water from the tube to the 

rounded line (approximately 5mL) while not disturbing the settled nematodes.  

9 Shake tube slightly until debris are suspended in water and then poor 

contents into a counting dish.  

10 When counting, add results from both counting dishes.  
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Appendix C: Shaker Root Extraction Method 

 

 

Extraction modified from Barker and Niblack (1990). 

Barker, K. R., and T. L. Niblack. 1990. Soil sampling methods and procedures for field 

diagnosis. Pp. 10–19 in B. M. Zuckermann, W. F.Mai, and L. R. Krusberg, eds. 

Plant nematology laboratory manual. Amherst, MA: University of Massachusetts 

Agricultural Experiment Station. 

LaMondia 2002. Seasonal populations of Pratylenchus penetrans and Meloidogyne 

hapla in strawberry roots. Journal of Nematology 34: 409-413. 

 

1 Remove roots from crown and cut roots into 1-2 cm pieces. 

2 Randomly select a subsample of root (5g or 10g wet depending on the 

experiment) and place in a 125mL Erlenmeyer flask 

3 Add approximately 40mL of tap water  

4 Place flask in rotary shaker running at 100rpm for 2 days (unless otherwise 

stated in materials and methods) 

5 Extract roots by placing a number 40 sieve (0.425mm opening) over a 

number 400 sieve (0.038mm opening) and poor water through the sieves. 

Remove roots and rinse flask through the filters. Spray water over the roots to 

rinse them while on number 40 sieve.  
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6 Poor contents from number 400 sieve into a counting dish. 

7 Remove roots and place in envelope to dry and be weighed. 
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Appendix D: Maceration Nematode Extraction Protocol 

 

 

Extraction modified from Brooks (2004) who derived it from procedures described 

in Hooper (1990) and Speijer and Ssango (1999).  

Brooks, F. E. 2004. Plant-parasitic nematodes of banana in American Samoa. 

Nematropica 34: 65-72. 

Speijer, P. R. and F. Ssango. 1999. Evaluation of Musa host plant response using 

nematode densities and damage indices. Nematropica 29: 185-192. 

Hooper, D. J. 1990. Extraction and processing of plant and soil nematodes. Pp 137-180 

in M. Luc, R. A. Sikora, and J. Bridge, eds. Plant Parasitic Nematodes in 

Subtropical and Tropical Agriculture. CAB International, Wallingford, U.K. 

 

1 Remove roots from crown and cut roots into 1-2 cm pieces. 

2 Randomly select 5g roots wet and place in blender. 

3 Add 50mL of water and blend at medium speed for 10 seconds. 

4 Carefully rinse blender with squeeze bottle until suspended matter is 

contained on bottom of blender.  

5 Poor maceration and rinse with squeeze bottle until clean on to two 2-ply 

layers of tissue inside a 15 cm petri dish suspended on a cut out pet resistant 

screen held up by two rings of plastic straws. 
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6 Fold tissue into centre and fill dish until water is level with screen and tissue.  

7 Wait 2 days and poor dish into a 500 mesh (0.025mm opening) sieve using a 

squeeze bottle.  

8 Poor contents of 500 mesh sieve into a counting dish using a squeeze bottle. 

9 Place screen and straws back like before and refill with water until it is in line 

with screen and tissue. 

10 Wait 3 more days and repeat steps 7 and 8.  
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Appendix E: Nematode Sterilization Protocol 

 

 

Protocol modified from Huettel (1990) and Boisseau and Sarah (2008). 

Huettel, R. H. 1990. Monoexenic culturing of plant parasitic nematodes using carrot 

discs, callus tissue, and root-explants. Pp. 163-172. in B. M. Zuckermann, W. 

F.Mai, and L. R. Krusberg, eds. Plant nematology laboratory manual. Amherst, 

MA: University of Massachusetts Agricultural Experiment Station. 

Boisseau, M. and J.-L. Sarah. 2008. In vitro rearing of Pratylenchus nematodes on 

carrot discs. Fruits 63: 307-310. 

 

1 Concentrate nematodes on a 500 mesh sieve (0.025mm opening). 

2 Wash into a sterile 50mL graduated cylinder and bring water level to 5mL. 

3 Add 0.001% Hibitane (chlorhexidine) until volume is 30mL. 

4 Separate into two 15mL centrifuge tubes and centrifuge for 3 min at 1200rpm. 

5 Remove supernatant and add sterile water, agitate until nematodes are 

suspended in the solution and repeat centrifuge. 

6 Remove supernatant and add 1% streptomycin sulphate, agitate and repeat 

centrifuge. 

7 Remove supernatant and add sterile water again, agitate and repeat 

centrifuge. 
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8 Remove supernatant and add 0.01% HgCl2(Mercury(II) chloride), agitate and 

repeat centrifuge 

9 Remove supernatant and add sterile water. Agitate well. 

10 Repeat step 9, 2 more times.  
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Appendix F: Egg Extraction Method 

 

 

Extraction modified from Hussey and Barker (1973).  

Hussey, R. S. and K. R. Barker. 1973. A comparison of methods of collecting inocula of 

Meloidogyne spp., including a new technique. Plant Disease Reporter 57: 1025-

1028. 

 

1 Wash roots until soil is removed. 

2 Cut roots into 1-2  cm lengths. 

3 Place roots into 2L mason jar.  

4 Fill 2L mason jar with prepared 0.5% solution of NaOCl solution until 1.6L 

mark. 

5 Shake manually for 4 minutes. 

6 Dump water and roots into 200 mesh sieve on top of a 500 mesh sieve. 

7 Rinse sieve with tap water.  

8 Place roots in jar and fill up to 1.6L mark again with tap water and shake 

manually for 3 minutes. Dump water into the sieves again. Repeat this step 

for a total of 3 times.   

9 After the last time place roots on top of the 200 sieve (on top of the 500 sieve) 

and rinse them with pressurized water. 
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10 Remove all roots and place them in previously weighed bags to be dried (if 

extracting nematode eggs for counting purposes). 

11  Remove 200 mesh sieve after spraying it with water. Rinse well with 

pressurized water to remove all debris.  

12  Wash the 500 mesh sieve with water until chlorine has been diluted enough 

to ensure egg survival.  

13  Using a squeeze bottle pour eggs into a 50mL tube and fill until the 50mL 

mark. 
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Appendix G: Staining Meloidogyne spp. females 

 

 

 Methods modified from Clemson University (2011).  

Clemson University. 2011. Plant-parasitic nematode identification guide. Clemson, SC, 

USA.  

 

1 Select roots with mature females and rinse soil off roots.  

2 Boil the roots for 3 minutes in stain solution (approximately 33% water, 33% 

glycerin, 33% lactic acid, and 0.05% acid fuschin).  

3 Remove roots with tweezers and rinse off excess stain in water. 

4 Select and remove females with fine tweezers.  

5 Place them in a drop of water on slide between two covers slips and place a 

cover slip overtop, resting either side on the two cover slips.  
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Appendix H: Survey Sent to Strawberry Growers 

Growers Name:        

The following survey will be used to detect any relationships between grower 

management practices and environmental conditions with plant parasitic nematode populations. 

Please complete the following survey as best you can. All results pertaining to your farm, its 

location and your nematode counts will be kept strictly confidential and if the data is published 

your name and farm will remain anonymous.  Thank you for your time and for letting us sample 

your fields. Your help is greatly appreciated.  

To answer the questions please check the boxes and/or fill out the forms indicated by 

grey boxes. Some questions might be difficult to answer at this time but please fill out the survey 

as best as you can. Questions apply to the fields sampled. 

1.  Please list what was planted in the following fields (see attached map) during the 

years listed. If strawberries were grown, please include the cultivar. 

Year Planted Field 1 Field 2 Field 3 

2012                   

2011                   

2010                   

2009                   

2008                   
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2.  Please list any additional crops not mentioned above (ex. cover crops, green 

manure, etc.) and time of year planted (insert the year in the grey boxes). 

 marigold        mustard       

 pearl millet        rye grass       

 soybean        winter wheat       

 other        

 

3.  Indicate if any organic amendments were used on the fields specified and the 

year(s) applied.  

 mustard bran        pig manure       

 poultry manure        sheep manure       

 cow manure        other       

 

4.  Were any of the following nematicides or fumigants applied during the period of 

2008-2012? If so please provide the rate and approximate date of application. 

Rates can be given in percentage of recommended or label rate if necessary.  

 Busan 1020 (metam sodium)        Busan 1180 (metam potassium)       

 Busan 1236 (metam sodium)        Chloropicrin (Chloropicrin 100)       

 Chloropicrin (Pic Plus Fumigant)        Enfuse M 510 (metam sodium)       

 Telone        MustGrow       

 Other        
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5.  If insecticides were used during 2011-12 please indicate the product and the rate 

of application. 

 Agri-Mek (abamectin)        Cygon 480-AG (dimethonate)       

 Furadan 480-F (carbofuran)        Other       

 Other        Other       

 Other        Other       

 

 

6.  At what times and approximately how often during the growing season do you 

irrigate (examples: daily/when needed/during fruiting/during frost)? Please also indicate 

the type of irrigation system used. 

            

            

 

7.  Do you employ any cultural practices specifically to reduce population levels of 

plant parasitic nematodes? If so please specify.  

 Washing equipment between fields  Leaving fields fallow 

 Other:        Other:       
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Appendix I: Summary of Data Collected from Survey  

 

1 2 3 4 5 6 7 Total

Number of farms 3 3 4 2 2 2 3 19

Number of soil samples b 13 23 28 18 18 12 25 137

Criconemoides  spp.

Mean c 0.2 0.0 0.1 1.1 0.6 1.3 0.1 0.4

Maximum d 2.0 0.0 4.0 12.0 8.0 6.0 2.0 12.0

Percent of samples infected e 8% 0% 4% 22% 11% 42% 4% 10%

Helicotylenchus  spp.

Mean 2.3 11.2 1.0 6.7 1.2 83.5 22.4 13.8

Maximum 8.0 54.0 8.0 40.0 6.0 226.0 102.0 226.0

Percent of samples infected 54% 43% 21% 56% 33% 100% 68% 50%

Longidorus  spp.

Mean 0.0 0.0 0.0 0.0 0.7 0.0 0.7 0.3

Maximum 0.0 0.0 0.0 0.0 10.0 0.0 8.0 10.0

Percent of samples infected 0% 0% 0% 0% 11% 0% 16% 4%

Mean 2.0 5.6 91.8 14.0 6.7 0.2 1.0 22.8

Maximum 16.0 88.0 530.0 120.0 50.0 2.0 8.0 530.0

Percent of samples infected 15% 26% 82% 67% 44% 8% 24% 42%

Appendix I.1. Mean and maximum number of plant parasitic nematodes extracted per 100 

cm3 of soil and the percent of infected soil samples with different genera of plant parasitic 

nematodes taken from strawberry fields. Samples are pooled together after being collected 

3 different times between June and October 2011 from 19 different farms. 

Meloidogyne  spp. juveniles

a Region numbers correspond to counties or regional municipalities of Ontario in the 

following manner: Essex and Kent Counties (Region 1); Middlesex and Oxford Counties 

(Region 2); Norfolk County (Region 3); Waterloo and Halton Regions (Region 4); Simcoe and 

Peterborough Counties (Region 5); Durham County (Region 6); and the Ottawa and 

Stormont, Dundas and Glengarry Regions (Region 7).
b Total number of soil samples taken over the course of three different sampling periods 

from June to October 2011. At most three samples were taken from one field during the 

2011 year but some samples were not collected due to plants being ripped out of the field. 
c Mean number of nematodes extracted per 100 cm3 of soil during three different sampling 

periods from June to October 2011. 

Region Number a

d Maximum number of plant parasitic nematodes extracted per 100 cm3 of soil.
e Percent of soil samples infested with the specified genus of plant parasitic nematode. 
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1 2 3 4 5 6 7 Total

N Farms 3 3 4 2 2 2 3 19

N Samples b 13 23 28 18 18 12 25 137

Paratylenchus spp.

Mean c 0.3 0.2 0.6 0.4 0.1 0.0 0.9 0.4

Maximum d 4.0 2.0 12.0 6.0 2.0 0.0 22.0 22.0

Percent of samples infected e 8% 9% 11% 11% 6% 0% 4% 7%

Pratylenchus spp.

Mean 8.9 14.2 12.7 16.0 44.7 18.0 13.0 16.9

Maximum 24.0 44.0 94.0 38.0 142.0 88.0 60.0 142.0

Percent of samples infected 92% 96% 75% 100% 100% 42% 88% 86%

Tylenchorhynchus spp.

Mean 2.6 2.8 1.9 0.3 3.8 1.7 0.6 1.8

Maximum 18.0 20.0 8.0 2.0 32.0 18.0 12.0 32.0

Percent of samples infected 31% 30% 36% 17% 28% 17% 8% 24%

Tylenchus spp.

Mean 10.2 27.0 13.6 25.6 7.7 40.5 37.5 22.0

Maximum 80.0 136.0 84.0 84.0 26.0 74.0 174.0 174.0

Percent of samples infected 92% 74% 93% 100% 72% 100% 84% 87%

Xiphinema spp.

Mean 8.5 0.8 0.4 0.6 0.6 0.5 2.3 1.5

Maximum 34.0 16.0 8.0 6.0 6.0 6.0 16.0 34.0

Percent of samples infected 62% 9% 7% 11% 11% 8% 40% 20%
a Region numbers correspond to counties or regional municipalities of Ontario in the 

following manner: Essex and Kent Counties (Region 1); Middlesex and Oxford Counties 

(Region 2); Norfolk County (Region 3); Waterloo and Halton Regions (Region 4); Simcoe and 

Peterborough Counties (Region 5); Durham County (Region 6); and the Ottawa and 

Stormont, Dundas and Glengarry Regions (Region 7).

b Total number of soil samples taken over the course of three different sampling periods 

from June to October 2011. At most 3 samples were taken from one field during the 2011 

year but some samples were not collected due to plants being ripped out of the field. 
c Mean number of nematodes extracted per 100 cm3 of soil during three different sampling 

periods from June to October 2011. 

Region Number a
Appendix I.1 continued.

d Maximum number of plant parasitic nematodes extracted per 100 cm3 of soil.
e Number of soil samples infested with the specified genus of plant parasitic nematode. 
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Soil properties Minimum Maximum Mean

Organic matter (%) a 1.1 3.9 2.3

pH 5.1 7.7 6.6

Phosphorus (ppm) b 12 303 114

Potassium (ppm) 53 246 128

Magnesium (ppm) 40 425 147

Calcium (ppm) 460 3270 1236

Sodium (ppm) 1 37 10

Sand (%) c 20 89 65

Silt (%) 8 55 26

Clay (%) 2 26 9

Appendix I.2. Summary of soil property data collected 

in the autumn sampling from strawberry fields of 

southern and eastern Ontario.

Soil property values

c Percent of soil containing the particle size catagory 

(sand, silt or clay). 

b Nutrient concentration in soil in parts per million.

a Percent of organic matter of soil by weight.
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Appendix J: ANOVA Tables 

 

 

 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0178 0.0229 0.78 0.2181

Residual 0.0798 0.0246 3.24 0.0006

Effect Num DF Den DF F value Pr > F

Extraction method 1 21 10.24 0.0043

Time of extraction 3 21 23.43 <0.0001

Extraction method*time of extraction 3 21 16.25 <0.0001

Appendix J.1. Analyses of variance for the mean number of Meloidogyne  spp. juveniles 

extracted per gram of dried root from strawberry roots sampled in 2012 from field 3 using 

either the maceration or shaker extraction method. Water containing nematodes were 

extracted from the shaker method's earlmyer flask or maceration method's baermann pan at 

two, five and seven days during the incubation process. Total nematodes extracted per 

method was also included in the statistical analysis under time of extraction. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0011 0.0018 0.61 0.2711

Residual 0.0336 0.0052 6.49 <0.0001

Effect Num DF Den DF F value Pr > F

Time of extraction 3 84 84.64 <0.0001

Extraction method 1 84 28.56 <0.0001

Field 2 84 11.82 <0.0001

Extraction method*time of extraction 3 84 7.31 0.0002

Field*time of extraction 6 84 5.6 <0.0001

Field*extraction method 2 84 0.82 0.4436

Field*extraction method*time of extraction 6 84 15.29 <0.0001

Appendix J.2. Analyses of variance for the mean number of Pratylenchus  spp. individuals 

extracted per gram of dried root from strawberry roots sampled from three different fields 

in 2012 using either the maceration or shaker extraction method. Water containing 

nematodes were extracted from the shaker method's earlmyer flask or maceration method's 

baermann pan at two, five and seven days during the incubation process. Total nematodes 

extracted per method was also included in the statistical analysis under time of extraction. 
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0000 NA NA NA

Residual 0.0675 0.0427 1.58 0.0569

Effect Num DF Den DF F value Pr > F

Extraction method 1 2 2.19 0.2769

Appendix J.3. Analyses of variance for the mean number of Pratylenchus  spp. individuals 

extracted per gram of dried root from strawberry roots sampled in 2012 using either the 

shaker extraction method or results from an independent laboratory that extracted, 

indentified and counted the plant parasitic nematodes extracted. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0150 0.0167 0.90 0.1841

Residual 0.0153 0.0088 1.73 0.0416

Effect Num DF Den DF F value Pr > F

Extraction method 2 6 52.4 0.0002

Appendix J.4. Analyses of variance for the mean number of Pratylenchus  spp. individuals 

extracted per kg of soil from samples collected from a strawberry field in 2012 using either 

the Baermann pan extraction method, sugar centrifugation extraction method or results 

from an independent laboratory that extracted, indentified and counted the plant parasitic 

nematodes extracted using a modified Baermann pan extraction method. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0021 0.0066 0.32 0.3733

Residual 0.0328 0.0116 2.83 0.0023

Effect Num DF Den DF F value Pr > F

Extraction method 4 16 17.02 <0.0001

Appendix J.5. Analyses of variance for the mean number of Pratylenchus  spp. individuals 

extracted per kg of soil from samples collected from a strawberry field in 2013, one day prior 

to extracting, using three different extraction methods and sending samples to two different 

independent laboratories.  The three different extraction methods included two different 

types the Baermann pan (one using a sieve and the other a tube for nematode collection) 

and the sugar centrifugation method.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0248 0.0245 1.01 0.1561

Residual 0.0278 0.0139 2.00 0.0228

Effect Num DF Den DF F value Pr > F

Extraction method 2 8 58.37 <0.0001

Appendix J.6. Analyses of variance for the mean number of Pratylenchus  spp. individuals 

extracted per kg of soil from samples collected from a strawberry field in 2013, 14 days prior 

to extraction, using three different extraction methods.  The three different extraction 

methods included two different types the Baermann pan (one using a sieve and the other a 

tube for nematode collection) and the sugar centrifugation method.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0248 0.0245 1.01 0.1561

Residual 0.0278 0.0139 2.00 0.0228

Effect Num DF Den DF F value Pr > F

Extraction method 2 20 65.20 <0.0001

Days extracted after sampling 1 20 18.68 0.0003

Extraction method*days extracted after 

sampling 2 20 1.26 0.3050

Appendix J.7. Analyses of variance for the mean number of Pratylenchus  spp. individuals 

extracted per kg of soil from samples collected from a strawberry field in 2013, one and 14 

days prior to extraction, using three different extraction methods.  The three different 

extraction methods included two different types the Baermann pan (one using a sieve and 

the other a tube for nematode collection) and the sugar centrifugation method.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0000 NA NA NA

Residual 0.0712 0.0225 3.16 0.0008

Effect Num DF Den DF F value Pr > F

Extraction method 4 16 4.19 0.0165

Appendix J.8. Analyses of variance for the mean number of Meloidogyne  spp. juveniles 

extracted per kg of soil from samples collected from a strawberry field in 2013, one day prior 

to extracting, using three different extraction methods and sending samples to two different 

independent laboratories.  The three different extraction methods included two different 

types the Baermann pan (one using a sieve and the other a tube for nematode collection) 

and the sugar centrifugation method.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0480 0.0524 0.92 0.1796

Residual 0.0722 0.0361 2.00 0.0228

Effect Num DF Den DF F value Pr > F

Extraction method 2 8 1.55 0.2694

Appendix J.9. Analyses of variance for the mean number of Meloidogyne  spp. juveniles 

extracted per kg of soil from samples collected from a strawberry field in 2013, 14 days prior 

to extraction, using three different extraction methods.  The three different extraction 

methods included two different types the Baermann pan (one using a sieve and the other a 

tube for nematode collection) and the sugar centrifugation method.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0184 0.0216 0.85 0.1981

Residual 0.0707 0.0224 3.16 0.0008

Effect Num DF Den DF F value Pr > F

Extraction method 2 20 5.25 0.0147

Days extracted after sampling 1 20 0.09 0.7651

Extraction method*days extracted after 

sampling 2 20 1.20 0.3207

Appendix J.10. Analyses of variance for the mean number of Meloidogyne  spp. juveniles 

extracted per kg of soil from samples collected from a strawberry field in 2013, one and 14 

days prior to extraction, using three different extraction methods.  The three different 

extraction methods included two different types the Baermann pan (one using a sieve and 

the other a tube for nematode collection) and the sugar centrifugation method.

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.1817 0.02386 7.62 <0.0001

Effect Num DF Den DF F value Pr > F

Region 6 116 3.28 0.0052

Sampling time 2 116 0.64 0.5284

Region*sampling time 12 116 0.86 0.5938

Appendix J.11. Analyses of variance for the mean number of total plant 

parasitic nematodes extracted from 137 soil samples taken during three 

different sampling times in the growing season of 2011 from 19 

strawberry farms located across seven different regions of southern and 

eastern Ontario. 
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Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.2745 0.03605 7.62 <.0001

Effect Num DF Den DF F value Pr > F

Region 6 116 5.1 0.0001

Sampling time 2 116 0.04 0.9601

Region*sampling time 12 116 0.49 0.9181

Appendix J.12. Analyses of variance for the mean number of 

Pratylenchus spp. extracted from 137 soil samples taken during three 

different sampling times in the growing season of 2011 from 19 

strawberry farms located across seven different regions of southern and 

eastern Ontario. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.3398 0.04462 7.62 <0.0001

Effect Num DF Den DF F value Pr > F

Region 6 116 13.77 <0.0001

Sampling time 2 116 0.22 0.8063

Region*sampling time 12 116 0.91 0.535

Appendix J.13. Analyses of variance for the mean number of 

Meloidogyne  spp. juveniles extracted from 137 soil samples taken during 

three different sampling times in the growing season of 2011 from 19 

strawberry farms located across seven different regions of southern and 

eastern Ontario. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.5215 0.06818 7.65 <0.0001

Effect Num DF Den DF F value Pr > F

Region 6 117 8.69 <0.0001

Sampling time 2 117 0.15 0.8569

Region*sampling time 12 117 0.33 0.9830

Appendix J.14. Analyses of variance for the mean number of 

Pratylenchus  spp. extracted from a total of 138 strawberry root samples 

taken during three different sampling times in the growing season of 

2011 from 19 different farms located across seven different regions of 

southern and eastern Ontario. 
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Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.2371 0.03099 7.65 <0.0001

Effect Num DF Den DF F value Pr > F

Region 6 117 7.4 <0.0001

Sampling time 2 117 1.38 0.2546

Region*sampling time 12 117 0.6 0.8376

Appendix J.15. Analyses of variance for the mean number of 

Meloidogyne  spp. juveniles extracted from a total of 138 strawberry root 

samples taken during three different sampling times in the growing 

season of 2011 from 19 different farms located across seven different 

regions of southern and eastern Ontario. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.256 0.03714 6.89 <0.0001

Effect Num DF Den DF F value Pr > F

2009 crop susceptibility 1 95 7.54 0.0072

Appendix J.16. Analyses of variance for the mean number of 

Pratylenchus  spp. individuals extracted from soil sampled from 

strawberry fields in 2011 by field cropping history with respect to 

resistant or susceptible crops grown in 2009 towards Pratylenchus 

penetrans  parasitism. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.5762 0.08361 6.89 <0.0001

Effect Num DF Den DF F value Pr > F

2009 crop susceptibility 1 95 0.73 0.3940

Appendix J.17. Analyses of variance for the mean number of 

Meloidogyne  spp. juveniles extracted from soil sampled from strawberry 

fields in 2011 by field cropping history with respect to resistant or 

susceptible crops grown in 2009 towards Meloidogyne  spp. parasitism. 
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Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.6539 0.09488 6.89 <0.0001

Effect Num DF Den DF F value Pr > F

2009 crop susceptibility 1 95 0.78 0.3788

Appendix J.18. Analyses of variance for the mean number of 

Pratylenchus  spp. individuals extracted from strawberry roots sampled 

from fields in 2011 by field cropping history with respect to resistant or 

susceptible crops grown in 2009 towards Pratylenchus penetrans 

parasitism. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.32 0.04643 6.89 <0.0001

Effect Num DF Den DF F value Pr > F

2009 crop susceptibility 1 95 0.51 0.4783

Appendix J.19. Analyses of variance for the mean number of 

Meloidogyne  spp. juveniles extracted from strawberry roots sampled 

from fields in 2011 by field cropping history with respect to resistant or 

susceptible crops grown in 2009 towards Meloidogyne hapla  parasitism. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.2496 0.037 6.75 <0.0001

Effect Num DF Den DF F value Pr > F

Insecticide use 2 91 1.95 0.1485

Appendix I.20. Analyses of variance for the mean number of 

Pratylenchus  spp. individuals extracted from soil sampled from 

strawberry fields in 2011 by insecticide usage with regards to 

organophosphates and/or carbamate, synthetic pyrethroids or no 

insecticide usage. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.4998 0.07409 6.75 <0.0001

Effect Num DF Den DF F value Pr > F

Insecticide use 2 91 8.88 0.0003

Appendix J.21. Analyses of variance for the mean number of 

Meloidogyne  spp. juveniles extracted from soil sampled from strawberry 

fields in 2011 by insecticide usage with regards to organophosphates 

and/or carbamate, synthetic pyrethroids or no insecticide usage. 
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Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.4879 0.07233 6.75 <0.0001

Effect Num DF Den DF F value Pr > F

Insecticide use 2 91 17.86 <0.0001

Appendix J.22. Analyses of variance for the mean number of 

Pratylenchus  spp. individuals extracted from strawberry roots sampled 

from fields in 2011 by insecticide usage with regards to 

organophosphates and/or carbamate, synthetic pyrethroids or no 

insecticide usage. 

Covariance parameter Estimate Standard error Z value Pr > Z

Residual 0.2755 0.04084 6.75 <0.0001

Effect Num DF Den DF F value Pr > F

Insecticide use 2 91 9.6 0.0002

Appendix J.23. Analyses of variance for the mean number of 

Meloidogyne  spp. juveniles extracted from strawberry roots sampled 

from fields in 2011 by insecticide usage with regards to 

organophosphates and/or carbamate, synthetic pyrethroids or no 

insecticide usage. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep (year) 0.0442 0.0396 1.12 0.1323

Residual 1.0002 0.0904 11.06 <0.0001

Effect Num DF Den DF F value Pr > F

Year 1 8 7.53 0.0253

Cultivar 11 245 9.61 <0.0001

Inoculation treatment 1 245 451.89 <0.0001

Year*cultivar 11 245 1.27 0.2435

Year*inoculation treatment 1 245 0.08 0.7825

Inoculation treatment*cultivar 11 245 4.22 <0.0001

Year*cultivar*inoculation treatment 11 245 1.27 0.2407

Appendix J.24. Analyses of variance for the mean number of  Meloidogyne hapla 

eggs extracted per gram of dried root from strawberry plants grown in M. hapla 

inoculated and uninoculated micro-plots in the 2012 and 2013 cultivar susceptibility 

trials.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep (year) 0.1063 0.1030 1.03 0.1511

Residual 1.3719 0.1598 8.59 <0.0001

Effect Num DF Den DF F value Pr > F

Year 1 8 2.76 0.1351

Cultivar 11 149 1.13 0.3385

Year*cultivar 11 149 1.77 0.0633

Appendix J.25. Analyses of variance for the mean number of Meloidogyne hapla 

eggs extracted per gram of dried root from strawberry plants grown in microplots 

uninoculated with M. hapla in the 2012 and 2013 cultivar susceptibility trials.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep (year) 0.0054 0.0061 0.89 0.1863

Residual 0.1695 0.0154 11.04 <0.0001

Effect Num DF Den DF F value Pr > F

Year 1 8 196.49 <0.0001

Cultivar 11 245 9.21 <0.0001

Inoculation treatment 1 245 197.96 <0.0001

Inoculation treatment*cultivar 11 245 3.38 0.0002

Year*inoculation treatment 1 245 111.16 <0.0001

Year*cultivar 11 245 6.59 <0.0001

Year*cultivar*inoculation treatment 11 245 2.14 0.0181

Appendix J.26. Analyses of variance for the mean number of  Meloidogyne hapla 

juveniles extracted per 100 cm3 of soil from M. hapla  inoculated and uninoculated 

microplots containing strawberry plants in the 2012 and 2013 cultivar susceptibility 

trials.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep (year) 4.8548 4.8772 1.00 0.1598

Residual 142.0700 12.8380 11.07 <0.0001

Effect Num DF Den DF F value Pr > F

Year 1 8 20.71 0.0019

Inoculation treatment 1 245 827.54 <0.0001

Cultivar 11 245 22.25 <0.0001

Year*inoculation treatment 1 245 2.89 0.0904

Inoculation treatment*cultivar 11 245 17.37 <0.0001

Year*cultivar 11 245 2.38 0.0082

Year*cultivar*inoculation treatment 11 245 0.72 0.7141

Appendix J.27. Analyses of variance for the mean gall rating for the roots of 

strawberry plants grown in Meloidogyne hapla  inoculated and uninoculated micro-

plots in the 2012 and 2013 cultivar susceptibility trials. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep (year) 0.0000 NA NA NA

Residual 97.9771 11.0583 8.86 <0.0001

Effect Num DF Den DF F value Pr > F

Year 1 8 18.13 0.0028

Cultivar 11 149 2.54 0.0058

Year*cultivar 11 149 2.85 0.0020

Appendix J.28. Analyses of variance for the mean gall rating for the roots of 

strawberry plants grown in microplots not inoculated with Meloidogyne hapla  in the 

2012 and 2013 cultivar susceptibility trials. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0110 0.0113 0.97 0.1656

Residual 0.1783 0.02059 8.66 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 150 14.15 <0.0001

Inoculation treatment 1 150 864.43 <0.0001

Cultivar*inoculation treatment 11 150 12.38 <0.0001

Appendix J.29. Analyses of variance for the mean number of Meloidogyne hapla 

juveniles extracted per gram of dried root from strawberry plants grown in M. hapla 

inoculated and uninoculated micro-plots in the 2012 cultivar susceptibility trial.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 7.01 6.6460 1.05 0.1457

Residual 85.13 9.7973 8.69 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 151 16.96 <0.0001

Inoculation treatment 1 151 738.44 <0.0001

Cultivar*inoculation treatment 11 151 16.64 <0.0001

Appendix J.30. Analyses of variance for the mean gall rating for the roots of 

strawberry plants grown in Meloidogyne hapla  inoculated and uninoculated micro-

plots in the 2012 cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.00 0.0087 0.57 0.2854

Date of extraction 0.02 0.0124 1.28 0.1000

Residual 0.14 0.01743 8.07 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 127 19.74 <0.0001

Inoculation treatment 1 127 955.67 <0.0001

Cultivar*inoculation treatment 11 127 17.61 <0.0001

Appendix J.31. Analyses of variance for the mean number of eggs extracted per gram 

of dried root from strawberry plants grown in Meloidogyne hapla  inoculated and 

uninoculated micro-plots in the 2012 cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.00 0.0024 1.05 0.1470

Residual 0.03 0.003564 8.72 <0.0001

Effect Num DF Den DF F value Pr > F

Inoculation treatment 1 152 39.43 <0.0001

Cultivar 11 152 3.28 0.0005

Cultivar*inoculation treatment 11 152 2.94 0.0015

Appendix J.32. Analyses of variance for the mean number of Meloidogyne hapla 

juveniles extracted from the soil from M. hapla  inoculated and uninoculated micro-

plots in the 2012 cultivar susceptibility trial.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 36.69 30.2131 1.21 0.1123

Residual 216.89 24.8787 8.72 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 152 4.98 <0.0001

Inoculation treatment 1 152 0.46 0.5006

Cultivar*inoculation treatment 11 152 1.11 0.3581

Appendix J.33. Analyses of variance for the mean shoot weight of strawberry plants 

grown in Meloidogyne hapla  inoculated and uninoculated micro-plots in the 2012 

cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 8.60 6.7700 1.27 0.1021

Residual 35.19 4.0364 8.72 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 152 4.54 <0.0001

Inoculation treatment 1 152 3.85 0.0515

Cultivar*inoculation treatment 11 152 0.99 0.4615

Appendix J.34. Analyses of variance for the mean root weight of strawberry plants 

grown in Meloidogyne hapla  inoculated and uninoculated micro-plots in the 2012 

cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0249 0.0531 0.47 0.3195

Residual 1.1599 0.172 6.74 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 91 4.82 <0.0001

Inoculation treatment 1 91 180.78 <0.0001

Cultivar*inoculation treatment 11 91 1.38 0.1968

Appendix J.35. Analyses of variance for the mean number of Meloidogyne hapla 

eggs extracted per gram of dried root of strawberry plants grown in M. hapla 

inoculated and uninoculated micro-plots in the 2013 cultivar susceptibility trial.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0044 0.01231 0.36 0.3596

Date extracted 0 NA NA NA

Date counted 0 NA NA NA

Residual 0.3085 0.04524 6.82 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 78 5.71 <0.0001

Inoculation treatment 1 78 105.41 <0.0001

Cultivar*inoculation treatment 11 78 1.95 0.0452

Appendix J.36. Analyses of variance for the mean gall rating for the roots of 

strawberry plants grown in Meloidogyne hapla  inoculated and uninoculated micro-

plots in the 2013 cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.0044 0.01231 0.36 0.3596

Date extracted 0 NA NA NA

Date counted 0 NA NA NA

Residual 0.3085 0.04524 6.82 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 78 5.71 <0.0001

Inoculation treatment 1 78 105.41 <0.0001

Cultivar*inoculation treatment 11 78 1.95 0.0452

Appendix J.37. Analyses of variance for the mean number of Meloidogyne hapla 

juveniles extracted from the soil in M. hapla  inoculated and uninoculated micro-

plots in the 2013 cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 2.24 2.1952 1.02 0.1538

Residual 20.76 3.0442 6.82 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 93 13.34 <0.0001

Inoculation treatment 1 93 3.12 0.0805

Cultivar*inoculation treatment 11 93 0.84 0.6036

Appendix J.38. Analyses of variance for the mean weight of dried roots of strawberry 

plants grown in Meloidogyne hapla  inoculated and uninoculated micro-plots in the 

2013 cultivar susceptibility trial.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 3.06 8.8883 0.34 0.3653

Residual 225.62 33.0893 6.82 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 11 93 5.83 <0.0001

Inoculation treatment 1 93 10.17 0.0019

Cultivar*inoculation treatment 11 93 0.78 0.6615

Appendix J.39. Analyses of variance for the mean dried shoot weight of strawberry 

plants grown in Meloidogyne hapla  inoculated and uninoculated micro-plots in the 

2013 cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.004432 0.005581 0.79 0.2136

Residual 0.047660 0.009345 5.1 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 6 52 2.31 0.0469

Inoculation treatment 1 52 338.15 <0.0001

Cultivar*inoculation treatment 6 52 2.34 0.0450

Appendix J.40. Analyses of variance for the mean number of Pratylenchus  spp. 

individuals extracted per dried gram of root from strawberry plants grown in 

Pratylenchus  spp. inoculated and uninoculated micro-plots in the 2013 cultivar 

susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 5.74 4.7802 1.2 0.1151

Residual 14.12 2.7699 5.1 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 6 52 25.12 <0.0001

Inoculation treatment 1 52 2.57 0.1152

Cultivar*inoculation treatment 6 52 0.79 0.5809

Appendix J.41. Analyses of variance for the mean dried root weight from strawberry 

plants grown in Pratylenchus  spp. inoculated and uninoculated micro-plots in the 

2013 cultivar susceptibility trial.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 8.70 13.3716 0.65 0.2577

Residual 139.09 27.2791 5.1 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 6 52 11.56 <0.0001

Inoculation treatment 1 52 3.47 0.0682

Cultivar*inoculation treatment 6 52 0.24 0.9612

Appendix J.42. Analyses of variance for the mean dried shoot weight from 

strawberry plants grown in Pratylenchus  spp. inoculated and uninoculated micro-

plots in the 2013 cultivar susceptibility trial.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.48 0.7701 0.62 0.2679

Residual 12.67 1.9109 6.63 <0.0001

Effect Num DF Den DF F value Pr > F

Inoculation treatment 1 88 0.00 0.9574

Cultivar 9 88 0.79 0.6263

Cultivar*inoculation treatment 9 88 1.63 0.1182

Appendix J.43. Analyses of variance for the mean berry yield from strawberry plants 

grown in Meloidogyne hapla  inoculated and uninoculated micro-plots in the cultivar 

yield trial conducted in the years of 2012 to 2013.

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.00 NA NA NA

Residual 0.31 0.0433 7.11 <0.0001

Effect Num DF Den DF F value Pr > F

Cultivar 9 97 1.33 0.2314

Inoculation treatment 1 97 200.56 <0.0001

Cultivar*inoculation treatment 9 97 1.13 0.3523

Appendix J.44. Analyses of variance for the mean number of Meloidogyne hapla 

juveniles extracted from the soil from M. hapla  inoculated and uninoculated micro-

plots in the cultivar yield trial conducted in the years 2012 and 2013.
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 8.91 26.2410 0.34 0.3671

Residual 117.83 42.2552 2.79 0.0026

Effect Num DF Den DF F value Pr > F

Treatment 5 16 7.03 0.0012

Appendix J.45. Analyses of variance for the mean number of galls observed on 

the roots of strawberry plants grown in pots inoculated with Meloidogyne 

hapla  and treated with five different alternative control treatments and an 

untreated control treatment. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 482.24 636.76 0.76 0.2244

Residual 1705.60 611.48 2.79 0.0026

Effect Num DF Den DF F value Pr > F

Treatment 5 16 3.49 0.0253

Appendix J.46. Analyses of variance for the mean number of eggs extracted 

from the roots of strawberry plants grown in pots inoculated  with 

Meloidogyne hapla  and treated with five different alternative control 

treatments and an untreated control treatment. 
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Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.03 0.05 0.61 0.2705

Residual 0.17 0.06 2.79 0.0026

Effect Num DF Den DF F value Pr > F

Treatment 5 16 0.98 0.4599

Appendix J.47. Analyses of variance for the mean dried root weight from 

strawberry plants grown in pots inoculated  with Meloidogyne hapla  and 

treated with five different alternative control treatments and an untreated 

control treatment. 

Covariance parameter Estimate Standard error Z value Pr > Z

Rep 0.00 NA NA NA

Residual 11.33 3.58 3.16 0.0008

Effect Num DF Den DF F value Pr > F

Treatment 5 16 0.27 0.9204

Appendix J.48. Analyses of variance for the mean dried shoot weight from 

strawberry plants grown in pots inoculated  with Meloidogyne hapla  and 

treated with five different alternative control treatments and an untreated 

control treatment. 
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