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ABSTRACT 

 

  

 

 EPIDEMIOLOGY AND MANAGEMENT OF STEM AND BULB 

NEMATODE 

  

Lilieth Ives        Advisors: 

University of Guelph, 2019      Professor M.R. McDonald 

         Professor K. Jordan 

 

  

  Ditylenchus dipsaci is one of the most destructive pathogens of garlic in Ontario.  Ditylenchus 

dipsaci can cause total yield loss and decreases the availability of seed cloves for successive 

planting. There are limited options available for management in Canada. The management and 

host range of D. dipsaci were investigated as was the interaction of D. dipsaci and Fusarium 

oxysporum f. sp. cepae, the causal agent of basal plate rot of garlic.  Several new chemistries, 

applied as seed treatment, in-furrow drench, and seed fumigant, were evaluated for their 

effectiveness to control D. dipsaci. Fluopyram was the most effective chemistry for suppressing 

D. dipsaci, and increasing yield.  In greenhouse studies, soybean and wheat effectively reduced 

the population density of D. dipsaci. Both antagonistic and no effect interactions occurred between 

D. dipsaci and F. oxysporum f. sp. cepae. There was a greater reduction in shoot dry weight, and 

an increase in disease incidence compared to either pathogen alone. 
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CHAPTER ONE  

LITERATURE REVIEW 

 

1 Introduction 

Garlic (Allium sativum L.) is a member of the Alliaceae family and is grown worldwide. 

The bulb is used for human consumption, medicinal purposes, and as a pesticide (Fritsch & 

Friesen, 2002). Garlic is the second most economically important allium crop in the world 

Brewster, 2008; Vogit, 2004). Total garlic production in Canada between 2012 and 2016 

averaged 851.6 metric tonnes. Over that period, approximately 70% of production occurred in 

Ontario alone. The farm gate values for garlic in Canada and Ontario for 2016 were $11,143,000 

and $7, 911,000, respectively (Statistics Canada, 2017). Garlic is sold as both a fresh or 

processed product in local and export markets. In Ontario the majority of the garlic produced is 

sold domestically as whole fresh bulbs, green garlic or scapes. There is a small export market 

into the USA.  Some garlic is processed into products such as chopped and dehydrated garlic 

which are also sold, but to a lesser extent.  

 In Ontario, two of the most serious threats to garlic producers are stem and bulb 

nematode, Ditylenchus dipsaci (Kuhn, 1857) Filip'ev, 1936, and basal plate rot (BPR), caused by 

Fusarium oxysporum Schlechtend f.sp. cepae (H.N. Hans) W.C. Snyder & H.N. Hans (Foc).  

Ditylenchus dipsaci is considered as one of the most destructive plant parasitic nematodes 

affecting cultivated allium crops. The widespread distribution of the nematode coupled with its 

ability to persist in the soil for many years makes control a difficult task. When present in the 

soil, D. dipsaci has the ability to cause extensive yield losses by damaging the bulb and basal 

plate, thereby reducing the quality and quantity of harvested bulbs.  Effective disease 

management practices would decrease these losses. In Ontario, there exists a concerted approach 
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to the study of D. dipsaci and its management, to ensure the continued production of this 

important crop. 

The second pathogen, Foc, is a soil-borne plant pathogenic fungus in the phylum 

Ascomycota which has a limited host range and wide geographical distribution. This highly 

specialized fungus primarily attacks Allium species as well as asparagus (Asparagus officinalis) 

(Leoni et al, 2013), and has the ability to thrive under a wide range of environmental conditions. 

In Canada, the pathogen affects onion and garlic; however, garlic is more frequently attacked, 

leading to the disease Fusarium BPR. Basal plate rot causes yield losses of up to 50% in Allium 

crops (McDonald et al, 2004). 

Although plant parasitic nematodes are capable of causing severe injury/damage to plants 

and subsequently reductions in yield quantity and quality, they often interact with other 

pathogenic microorganisms occupying the same niche. Such associations leading to more than 

additive damage are termed disease complexes (Jenkins & Taylor, 1967). Concomitant 

occurrences are common in nature, and as such, research is needed to determine the types of 

interactions that occur between the two major pathogens affecting garlic. 

1.1 The host: history and origin of garlic  

Garlic originated in Central Asia and the distribution of garlic from the point of origin 

has been attributed to the actions of explorers and colonists (Etoh & Simon, 2002).  

Archaeological studies show that garlic has been domesticated for more than 3000 years, making 

it one of the oldest cultivated crops worldwide (Kamenetsky, 2007; Scwartz et al., 2008). Garlic 

belongs to the genus Allium. The genus Allium, one of the 75 genera in the family Alliaceae 

consists of about 750 species, with at least eight species of worldwide economic importance. 

These include onion (A. cepa), leek (A. ameloprisum), shallot (A. cepa var. aggregatum) and 
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garlic (A. sativum) (Fritsch & Friessen, 2002; Scwartz et al, 2008).  Numerical taxonomic studies 

suggest that an Allium sativum species complex exists consisting of three major groups: the 

common garlic, the longicuspis group and the ophioscoroodon group; as well as two additional 

subgroups: the subtropical and the Pekinese (Kamenetsky, 2007). All three groups and two 

subgroups arose from different parts of the same complex of wild forms, which was not 

completely differentiated (Brewster, 2008).   

1.1.1 Morphology of garlic   

Garlic is considered both a vegetable and an herb, and is one of the most economically 

important Allium species grown in Canada and worldwide (Fritsch & Friessen, 2002). There are 

many notable variations in garlic with respect to bulb size, shape, colour and number of cloves, 

maturity date, flavor and pungency, bolting capacity, number and size of topsets, flowers in the 

inflorescence, and fertility of the flowers (Kamenetsky, 2007; Scwartz et al, 2008). These 

variations have led to the division of garlic into two categories: hardneck and softneck (Block, 

2010; McClusky 2013). Hardneck garlic commonly refers to a bolting type that produces a 

flower stalk. The flowers abort and small bulbs, known as bulbils or topsets, are formed in the 

inflorescence. This type of garlic produces bulbs comprising 1 or 2 whorls with 4 -15 cloves 

surrounding the flower stalk.  By contrast, softneck garlic is mostly grown in warmer regions of 

the world, although some cultivars may be suitable for cold climates. This garlic does not 

produce a flower scape under normal production conditions. It has a longer shelf life than 

hardneck cultivars, as demonstrated by the ability to store for up to 8 months at ambient 

conditions without deterioration (Kamenestky, 2007). Generally, hardneck garlic is more 

pungent than softneck types, but is otherwise morphologically very similar. Unless, specifically 

differentiated, both will be collectively referred to as garlic from this point forward.   
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Although commonly grown as an annual, garlic is an herbaceous perennial plant, with 

foliage leaves attached to an underground pseudostem. Garlic usually produces 10 to 15 visible 

leaves per plant and reaches a height of 30 to 60 cm. Leaves of garlic are without stalks, and V-

shaped in cross section. At maturity, the leaves and pseudostem senesce, leaving behind an intact 

bulb situated on a living basal plate. A mature garlic bulb is an aggregate of multiple cloves 

which are bound to the central axis and are bound with several layers of sheathing scales 

(Kamenetsky, 2007; Scwartz et al, 2008). Garlic, a diploid species is considered an obligate, 

apomictic, seed-sterile plant. It is vegetatively propagated using cloves or by the bulbils that 

form in the inflorescence (Kamenetsky & Rabinowich, 2001). 

1.1.2 Production, usage and economic importance of garlic 

Garlic is a cool season plant with a reality deep root system, and is best adapted to fertile 

loamy soils (McLaurin, 2015). It requires a reasonably mild winter followed by a dry sunny 

summer (Brewster, 2008). All leaf growth occurs while temperatures are cool, and the days are 

short. As temperatures become warmer and the days are longer, the plant stops making leaves 

and begins to form bulbs. High humidity and rainfall are unfavorable for vegetative growth and 

bulb formation. The garlic plant is easily stressed, and insufficient moisture and waterlogged 

conditions should be avoided. To avoid stress, the field soil should be well drained and moist but 

not saturated. For maximum yield, garlic should be grown in areas with mean monthly 

temperatures ranging from 12-240C. High temperatures are required for bulb development, but 

cooler conditions are required during the early stages of growth (Brewster, 2008).  Planting may 

be on flat or raised beds depending on soil texture. 

In Canada, cloves are separated from the bulb and are planted in the fall, and go 

through a dormant period. During fall and winter, cloves develop root systems and begin 
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some top growth.  The cloves expand exponentially, forming a globular bulb with numerous 

roots. Depending on weather conditions a pair of leaves will emerge in April or May. In June 

to mid-July, leaves will begin to turn brown and tops will fall, indicating maturity 

(McLaurin, 2015). Garlic is harvested when the lower leaves are ½ to ¾ brown (Block, 

2010). In Ontario, commercial garlic production is fully mechanized from cracking, to 

planting, weed control, and harvesting. Garlic is planted at distance of 7-12 cm apart along 

the row and 20 cm between rows (Travis Cranmer, Personal communication, 2018).  

With respect to its production and economic value, after onion, garlic is the most 

important species in the genus Allium (Brewster, 2008; Vogit, 2004). The most consumed part of 

the plant is the bulb, which can be consumed fresh or processed. Besides the bulb, the scapes are 

also consumed (Fritsch & Friesen, 2002). World production of garlic is ranked 8th among 

vegetables with a total of 28 million tonnes produced in 2017 (Statisa, 2017). On a global basis, 

mainland China, the world’s largest producer of garlic, produced approximately 80% of world 

tonnage in 2014. The other leading producers during that year were, the Republic of Korea, 

India, Bangladesh, and Egypt (FAO STAT, 2015). In Canada, the majority of garlic production 

is concentrated in Ontario. In 2016, Ontario accounted for 50% of total area harvested, followed 

by Quebec with 25% and British Colombia with 23%.  Nationally, garlic production has 

continued to increase within the last decade.  This is evident by the fact that total area harvested 

increased from 123 hectares in 2006 to 671 hectares in 2016. Additionally, total production 

increased from 308 metric tonnes in 2006 to 1410 metric tonnes in 2016. The farm gate values 

for garlic in Canada and Ontario in 2016 were $11,143,000 and $7, 911,000 respectively 

(Statistics Canada, 2017).  
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1.1.3 Fungal diseases and nematode pests of garlic 

Diseases of garlic are caused by several pathogenic organisms including viruses, fungi, 

bacteria and plant parasitic nematodes.  One of the most economically important fungal diseases 

affecting garlic is BPR, caused by the fungus Foc, which induces wilting of the plant and rotting 

of the basal stem plate (Chand et al, 2016; Dugan et al, 2007). The most serious nematode 

parasite of garlic is the stem and bulb nematode, D. dipsaci (Belair et al, 2018; Sturhan & 

Brzeski, 1991). The rapid population increase (as high a 1000-fold/season) of D. dipsaci during 

the growing season enables it to aggressively parasitize its host causing significant yield loss 

(Bright & Starr, 2007; McKenry & Roberts, 1985).   

1.2 Stem and bulb nematode – biology and development 

Nematodes are multicellular organisms with smooth, unsegmented bodies. With the 

exception of circulatory or respiratory organs, nematodes possess highly specialized digestive, 

secretory-excretory, muscular and reproductive systems (Dropkin, 1980). While most nematode 

species are nonpathogenic, some cause harmful diseases in humans, animals and plants. Plant 

parasitic nematodes are primarily soil dwelling and microscopic and pose one of the greatest 

threats to crop production worldwide. The economic consequences of crop loss due to nematodes 

are many and varied and involve reduction in yield and quality.  

The genus Ditylenchus, in the class Secrecenta, order Tylenchida and family Anguinidae, 

is composed of over eighty species, of which three are of economic importance as plant parasitic 

nematodes: stem and bulb (D. dipsaci), potato rot (D. destructor Thorne, 1945) and peanut borer 

(D. angustus (Buther, 1913) Filipjev, 1936) (Sturhan & Brzeski, 1991). The taxonomy of the 

genus Ditylenchus has been a topic of interest since its discovery by Kuhn in 1857. This interest 

is evident by the numerous changes within Ditylenchus and the transfer of a large number of 
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species to other genera within Tylenchida (Sturhan & Brzeski, 1991).  Species differentiation is 

difficult due to limited intragenetic diversity in morphological characteristics and large 

intraspecific biological variation for certain features, resulting in occurrence of races in the stem 

and bulb nematode, Ditylenchus dipsaci as described below (Qiao et al, 2013; Webster, 1976). 

Ditylenchus dipsaci, a cosmopolitan, migratory endoparasite is the most economically 

important species of the genus Ditylenchus (Mckenry & Phillips, 1985). Commonly referred to 

as stem and bulb nematode, it has been differentiated into more than 30 biological races, with 

each race having a specific group or even a single plant species host range (Qiao et al, 2013). 

Biological races are considered to be genetically different forms of the same species that may be 

partially or completely reproductively isolated and show definite differences in biology. Host 

races are biological races which have particular host preferences (Mckenry & Roberts, 1985). 

Moreover, the complexity of racial characterization is increased by the fact that biological races 

can interbreed. This interbreeding occurs in cases of concurrent infection of a common host or 

between races simultaneously occupying the same ecological niche, resulting in the development 

of fully fertile hybrid populations with a differing host range from both parental populations 

(Sturhan & Brzeski, 1991). Because of this variability, differentiating between biological races 

should be done using both molecular and morphometric techniques. 

Ditylenchus dipsaci is mostly translucent, except for the content of its intestines which 

are generally whitish gray and semi translucent (Fig 1.1). While environmental conditions and 

food supply influence body length and dimensions, the nematodes are usually described as 

slender and vermiform, less than 1.5mm long with a body that is straight or almost so, when 

relaxed. The tail is elongate and conoid.  The nematode has a short (10 - 15µm) stylet with 

rounded well-developed knobs. The head is unstriated and continuous with body parts. There are 
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four incisures in the lateral field. The median esophageal bulb is muscular with thickening of the 

lumen walls. The basal bulb overlaps the intestines for a few micrometers.  The male is 

morphologically similar to the female, apart from sexual structures. In females, the ovary is 

posterior with one or two rows of oocytes and a post-uterine sac.  The male testes are 

outstretched with spermatocytes arranged in single file and the bursa is adanal to subterminal 

enveloping one-quarter to three-quarters of the tail.  The spicules are spear-shaped and 23-25µm 

long ((McKenry & Roberts, 1985; Sturhan & Brzeski, 1991; Shurtleff & Averre, 2005). 

 
Figure 1.1 : Ditylenchus dipsaci juveniles and an egg. 

 

The lifecycle includes an egg, four larval stages (J1 to J4), each separated by a molt, and 

finally adult females and males. The first molt occurs within the egg and is followed by three 

postovic molts.  The J2 hatch within two days and develop into females within 4-5 days.   After 

being fertilized by a male, mature females lay up to 10 eggs a day and approximately 500 eggs 
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during their lifecycle. Females do not lay eggs with mating. Thus, mating is necessary for 

reproduction. Females do not continue to lay eggs without feeding.  Females live more than 10 

weeks and the life cycle requires 19 – 23 days at 15oC for onions (Yuskel, 1960). All juvenile 

and adult stages are vermiform, capable of normal dorso-ventral movement. The infective J4 

stage is highly resistant to desiccation, and in the absence of a host plant, can survive in a state of 

anhydrobiosis for many years in soil or plant debris (McKenry & Roberts, 1985). 

Although traditionally regarded as an obligate endoparasite, it is probable that D. dipsaci 

could be considered a facultative endoparasite. The fact that D. dipsaci has been 

cultured/multiplied on carrot (Daucus carota) disk, indicates that direct uptake of nutrients by 

the nematodes occurs in axenic culture (Behmand et al, 2017).  Additionally, it has been reported 

that the nematode is able to reproduce in the absence of a host (Wilson & French, 1975).  Taken 

together, it is clear that further research is needed to accurately determine whether the nematode 

is an obligate or facultative endoparasite. 

1.2.1 Distribution and economic impact   

Plant-parasitic nematodes are notorious pests in cultivated crop plants, causing an 

estimated crop yield loss of 12.3% (157 billion dollars) worldwide (Singh et al, 2015). 

Ditylenchus dipsaci is one of the most destructive plant parasitic nematodes affecting cultivated 

crops. Severe infestations of allium fields with D. Dipsaci can result in annual yield losses of 60 

to 100% (Abawi & Moktan, 2010).  

Ditylenchus dipsaci was first discovered in 1857 on the seedheads of Fuller’s teasel 

(Dipsacus fullonum) growing in Germany (Muthaiyan, 2009), and has since been reported on all 

continents. It appears to have been accidentally introduced into Canada by European settlers 

(Qiao et al, 2013), and the nematode was first reported occurring on onions in the Point Pelee 
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Marsh, Ontario (Mountain, 1957). Anecdotal evidence suggests that D. dipsaci in garlic was first 

observed in the 1990s, although the nematode has long been recognized as a pathogen of this 

plant in other countries. Since its first appearance on garlic, the damage caused by D. dipsaci has 

increased annually. In 2008 a survey of the pathogen was conducted in Ontario and the results 

show an infestation level of 73% of all fields tested, with the highest infestation in southwestern 

Ontario (Hughes et al, 2012). Infection and damage by D. dipsaci to garlic have been reported 

from five other provinces in Canada (Hajhassani & Tenuta, 2017). This wide geographic 

distribution probably reflects the nematode’s ability to spread in infested planting material such 

as garlic cloves (Qiao et al, 2013).  Ditylenchus dipsaci can be dispersed over long distances on 

windblown soil particles or on infested plant material such as seeds, bulbs, tubers and nursery 

stock transported to new locations (McKenry & Roberts, 1985). In intensively cultivated areas, 

the nematode may be passively dispersed through infested soil, plant material, tillage equipment 

and irrigation water (Duncan & Moens, 2006). 

In nematode-crop interactions, there is usually a positive correlation between nematode 

population densities and crop damage (Steinhorst, 1965); however, other factors such as the 

biological, physical or chemical component of the agroecosystem commonly determine the 

ultimate extent of damage.  Typically, nematodes do not kill plants.  Endo-migratory nematodes, 

such as D. dipsaci may be called plant stressors, as they act as agents of ingress or predisposition 

to reduce plant growth and yields.  All stages of the D. dipsaci can be found within plant tissues 

(Jenkins, 1967). This nematode does not induce permanent feeding sites but instead feeds and 

reproduces while migrating between plant cells. Consequently, penetration and movement by the 

nematode through plant tissue results in mechanical injury to cells and subsequent cell death and 

necrosis.  Mechanical injury interrupts the uptake and flow of water from roots and the flow of 
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food from leaves to roots.  Alternatively, it has been suggested that cell hypertrophy, and the 

formation of intercellular cavities might be attributed to the nematode’s ability to produce 

pectinase and cellulase enzymes which aid in the dissolution of cell wall and middle lamella. 

Thus, infection during crop development leads to high rates of seedling mortality. Surviving 

plants are stunted and/ or deformed with corresponding yield losses and reduction in market 

value (Bridge & Starr, 2007; McKenry & Roberts, 1985). Economic yield losses are calculated 

to occur at concentrations at or above 100 nematode/kg of soil (OMAFRA, 2009).   

1.2.2 Influence of the environment 

Historically, stem and bulb nematode were thought to be widely distributed in both heavy 

and light soils, although disease incidence and severity are higher on heavy soils (Steinhorst, 

1956). Soil texture has an impact on nematode movement (Miyagawa & Lear, 1970; Steinhorst, 

1954; Wallace, 1962).  For instance, the distribution of the nematode is short and circular in clay 

soil and irregular and of long distance in sandy soil (Seinhorst, 1954).  Additionally, Wallace 

(1962), found that the movement and dispersal of D. dipsaci are greater in sandy soils than in 

clay soils, and the activity of the juveniles was higher in sandy soils at pH 7 and in loamy soil at 

pH 5.  

Movement of nematodes within the soil and in plants is influenced by the availability of 

moisture. A thin film of water on the plant surface facilitates the movement of nematodes to 

infection sites, and invasion and reproduction of D. dipsaci in alfalfa are favored by high 

moisture content (Baker & Sasser, 1959). Williams-Woodward and Gray (1999) also observed 

that damage to alfalfa by D. dipsaci was governed to a large extent by soil moisture.  While soil 

moisture is important for the mobility and infectivity of D. dipsaci, conditions of sustained 
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flooding results in mortality, therefore aeration is important to the survival, activity and infection 

of this nematode.   

Stem and bulb nematodes are sensitive to environmental conditions.  Damage is most 

severe during moist cool weather.  Cold or hot dry weather reduces its activity.  The duration of 

D. dipsaci life cycle depends on the temperature and differs among isolates of different origins. 

Maximum activity and invasive ability are generally between 10 and 200C (McKenry & Roberts, 

1985; Sturhan & Brezeski, 1991; Williams-Woodward & Gray, 1999; Yuskel, 1960). When 

environmental conditions are unfavorable for development, the fourth stage larvae enter a state 

of anhydrobiosis or cryptobiosis (Fig 1.2), in which the nematode metabolism slows to an almost 

undetectable level.  During such conditions, a large number of the nematodes are found within 

plant tissues.  When cool, moist conditions return, metabolic activity increases and development 

activity resumes.  Persistence of the nematode in the soil or plant debris has been attributed to 

this unique survival mechanism (McKenry & Roberts, 1985). 



13 

 

 
Figure 1.2:  Ditylenchus dipsaci on garlic bulb scales (Photo credit – Michael Celetti). 

1.2.3 Host range 

Many biological races, differing in host ranges, occur within the species D. dipsaci and a 

local population of a race can vary in host range and pathogenicity including the reaction to a 

resistant cultivar of a plant species (Viglierchio, 1971). These races are morphologically 

indistinguishable except for the giant race found on faba beans (Vicia faba L.). Some races are 

polyphagous and reproduce on a wide range of hosts, while other races, such as the onion and 

garlic races, attack related bulb crops, as well as some field and forage crops, such as clover and 

alfalfa (Struhan & Brzeski, 1991); peas (Hajihassani et al, 2016) and potato (Poirier et al, 2019).  

There is limited published research on the host range of D. dipsaci affecting garlic in Ontario, 

and it is not known if common rotation crops such as leafy vegetables, carrot, wheat and corn are 

susceptible hosts.  This is an important area for investigations since farmers practicing crop 
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rotation may unintentionally maintain, or even increase, populations of the nematodes in the soil 

between garlic crops without knowledge of Ontario’s strain host range. 

1.2.4 Host-parasite relationship 

When D. dipsaci attacks suitable host plants, the plants react with a series of cell changes.  

It is believed that these changes are caused by cell wall degrading enzymes secreted by the 

nematode (Bright & Starr, 2007).  These changes rarely occur in non-host plants, and in these 

non-hosts, the nematode cannot reproduce and development might be retarded (Blake, 1962; 

Hillinhutter et al, 2011).  An apt example is seen in oats (Avena sativa). Ditylenchus dipsaci 

infection of susceptible oat ‘Sun II’ resulted in hypertrophy and hyperplasia.  In contrast, 

resistant variety ‘Manod’ had only slight hypertrophy, and retarded the development of the 

nematode (Blake, 1960).  Some authors have speculated that resistant plants contain substances 

which counteract the enzymes, and that these chemical also protect the plant in different ways 

(Cook et al, 1995; Roberts, 1992).     

1.2.5 Symptoms on garlic 

The response of susceptible plants to D. dipsaci infection varies and is dependent on the 

nematode population in the soil (Steinhorst, 1956). As such, field symptoms of nematode 

damaged plants are generally non-specific, and are frequently seen as large circular or oval 

patches where plants have been killed or are badly stunted (Shurtleff & Arveer, 2005).  Allium 

plants infected with D. dipsaci are characterized by stunting, distortion of leaves, swelling of 

tissues on the lower stem region close to the root crown or bulb, thin and spotty plant stand, and 

yield reduction (McKenry & Roberts, 1985). Distortion of foliage in alliums, seen as twisted and 

swollen leaves may be due to a combination of cell death and the breakdown of the inner 
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lamellae of the leaves. Eventually affected leaves become soft, puffy and collapse (Maggenti, 

1981; Jenkins, 1967). Advanced infection in garlic results in discoloration and rotting in the 

basal plate region (Fig 1.3) accompanied by the separation of cloves and roots from the basal 

stem plate (Maggenti, 1991). This can result in complete yield loss. 

 
Figure 1.3:  Ditylenchus dipsaci damage symptoms on garlic. 

1.3 Management practices 

The management of D. dipsaci in a sustainable and economical way continues to be a 

challenge. There are several methods that can contribute to the effective management of D. 

dipsaci.  However, no single method has been known to produce 100% control.  Among the 

various factors that influence the success of a management programme are the existence of 

biological races, unknown host range, and the unavailability of registered chemicals with 

nematicidal activities.     

1.3.1 Physical control 

Physical practices such as soil solarization and hot water treatment have been shown to 

reduce populations of D. dipsaci in soil and decrease disease severity in several crops. 
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Soil solarization, or solar heating of soils, has been used for controlling many soilborne 

pathogens, including nematodes (Pinkerton et al, 2002). The process involves covering moist 

soil with polyethylene sheets for several weeks (2-8) usually during the hottest time of the year 

(Greco et al, 1985). This results in heating of the soil to temperatures that are detrimental to 

soilborne microorganisms, such as nematodes (Pinkerton et al, 2002).  This detrimental effect is 

thought to be due to a combination of a direct negative effect of heat on the pathogen and an 

alteration of the biological balance of the soil following heat treatment (Greco et al, 1985; 

Pinkerton et al, 2002).  

Siti et al (1982) was probably the first to report the potential of plastic material for 

heating soil and controlling D. dipsaci in garlic fields.  Temperatures above 400C maintained for 

two or more hours daily are lethal to nematodes (Greco & Brandonisio, 1990). In solarized plots 

mean maximum soil temperatures at 10 cm depth increased to 45 – 470C and was effective for 

killing D. dipsaci in garlic fields (Siti et al, 1982). Greco et al (1985) also indicates that D. 

dipsaci, Meloidogyne javanica (Treub) Chitwood and Heterodera carotae Jones were effectively 

controlled in sandy soil by mulching with transparent polyethylene sheets 50µm thick. A 

combination of clear plus black polyethylene plastic mulch was effective for disinfecting soils 

containing Bursaphelenchus seani in sandy soil up to a depth of 7.5 cm (Giblin & Verkade, 

1988).  Soil solarization also led to a reduction in soil nematode population in onions and 

increased crop yields (Lamberti et al, 2001).  Solarization appears to be an effective technique 

for the management of plant parasitic nematodes such as D. dipsaci.  However, it is not known 

whether soil solarization in Ontario will reduce D. dipsaci population densities, and subsequently 

plant damage or be an economically viable technology for Ontario garlic growers 
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Hot water treatments (HWT) alone or in combination with chemical additives have been 

investigated for the control of D. dipsaci in several bulb crops (Green, 1964; Hanks & Linfield, 

1999; Qiu et al, 1993; Roberts & Matthews, 1995; Whitfield, 1970). Stem and bulb nematodes 

are difficult to control in garlic cloves because they can penetrate and survive within plant tissue 

out of reach of surface seed treatments. Numerous factors have been identified that affect the 

efficiency of hot water treatment. These include: bulb size (circumference), pre and post 

exposure temperature, time required to heat the center of the bulb to the desired temperature, and 

water temperature (Qiu et al, 1993). High pre-exposure temperature reduces the effectiveness of 

HWT. For example, hot water treatments (43.30 and 43.90C) failed to control D. Dipsaci in 

narcissus bulbs (Narcissus pseudonarcissus) when bulbs were exposed to high temperatures 

several days prior to HWT (Green, 1964). Similarly, no significant improvement in control was 

observed with HWT dip treatments at 43.9-45.50C, preceded by a conditioning storage 

temperature of 30 - 340C for several days prior to HWT (Whitfield, 1970). By contrast, post-

exposure of HWT treated planting material to high temperatures (25-300C) results in increased 

mortality in the nematode. Finally, while hot water temperatures above 44.50C up to and 

including 47.80C improved the kill of the nematode it also led to damage of the bulbs. In Ontario, 

both pre and post conditioning soaks are recommended. During the pre-soak, cloves are held at 

380C for 30-40 minutes, this is followed by immersion in hot water for 20 minutes at 490C, 

preceded by a conditioning dip of 10 – 20 minutes at 19-220C (OMAFRA, 2014).  

Since HWT has shown some efficacy in managing stem and bulb nematodes, and has the 

additional advantage of being a non-chemical method it might be a useful tool to be explored by 

garlic growers.  
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Hot water treatment with chemical additives have been shown success in controlling D. 

dipsaci in several bulb crops (Green, 1964; Hanks & Linfield, 1999; Qiu et al, 1993; Roberts & 

Matthews, 1995; Whitfield, 1970). For instance, in D. dipsaci infested narcissus bulbs 

peroxyacetic acid at 0.5, 1.0 and 1.5% added to hot water (44.40C) was effective in killing 100% 

of the nematodes after exposure periods of 120, 60 and 30 minutes respectively.  Similarly, the 

addition of formaldehyde to hot water (44.40C) increased total kill and reduced time to kill 

compared to hot water alone.  It is important to note that peroxyacetic acid appears to have a 

phytotoxic effect on plants, as shown by a reduction in flower yields (Hanks & Linfield, 1999).  

Several other researchers, have reported success with formaldehyde added to HWT (Roberts & 

Matthews, 1995; Qiu et al, 1993) in field trials with garlic, but the use of formaldehyde is 

restricted due to concerns related to worker safety. A possible alternative to the use of 

formaldehyde is abamectin.  Roberts and Matthews (1995) demonstrated that a 20-minute 

duration HWT (490C) plus abamectin (20 ppm) was effective in controlling D. dipsaci in garlic 

without adverse effects on the plant. 

Despite the large number of reports about the effectiveness of HWT against D. dipsaci in 

bulb crops there are limited practical examples of HWT being used to control D. dipsaci in 

commercial garlic production in Ontario. This might be attributed to the fact that the upper limit 

of HWT is limited by the low heat tolerance of garlic seed cloves, which are easily injured by a 

few minutes of exposure to temperatures exceeding 520C (OMAFRA, 2014).  

1.3.2 Cultural control 

Numerous cultural control methods have been investigated for suppressing D. dipsaci in 

the soil, with methods offering varying degrees of nematode control.  For the purpose of this 

review, crop rotation will be discussed. 



19 

 

Crop rotation is an important means of control for several nematode species, however 

several conditions must be met for rotations to be effective.  These are: plant pathogenic 

nematode population must be high enough to damage or be potentially damaging to primary crop 

(e.g. 100 D. Dipsaci /Kg soil), knowledge on complete host range of the nematode, and 

nematode population must be significantly reduced by the plant species. The length of rotation is 

influenced by the nematode genera and species, initial population level and rate of population 

decline during the rotation cycle (Jenkins & Taylor, 1967; Trivedi & Baker, 1986).   

A basic component in understanding the potential usefulness of crop rotation for 

nematode control is knowledge of the complete host range of the nematode, race of the target 

nematode species and susceptibility of the various crop cultivars (Trivedi & Barker, 1986).  

Diversity within and across the host range status of nematode species poses a challenge in the 

design and implementation of rotation programmes.  Another challenging factor in designing 

crop rotations is the length of time a particular species may survive in the absence of a host.  

Ditylenchus dipsaci may survive for up to 5 years in the absence of a host (Sturhan & Brzeski, 

1991).  In comparison the cyst nematode population will decline by around 50-60% each year in 

the absence of a host (McKenry & Roberts, 1985), and Bergeson (as cited in Barker et al, 1998) 

found that Meloidogyne usually declines 90 to 95 % between growing seasons. 

Crop rotation works well for some biological races of D. dipsaci, because the nematode 

race is specific to its host. However, some races within the species have a broad or unknown host 

range, thereby reducing the effectiveness of this control method.  Notwithstanding, a general rule 

of thumb is the use of various 3-4-year rotations with a non-host crop.  In fact, Lorbeer et al. 

(1997) reported that D. dipsaci was eliminated in garlic fields by using a 4-year rotation to 

lettuce.  Similarly, the use of appropriate rotation programmes have resulted in increased yields 
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and decreased nematode populations in soil.  For example, Davis et al (2003) attributed the 

increase in yields of cotton (Gossypium hirsutum L.), and the reduction of Rotylenchus 

reniformis to a one-year crop rotation using a resistant soybean (Glycine max) – cotton rotation 

sequence.  Additionally, similar results were reported in an earlier study using an oat – bean 

rotation sequence; in which the bean cultivars used were resistant to the oat race of D. dipsaci 

(Hooper, 1971).    

Despite the successes with crop rotation programmes in nematode management, the 

biochemical mechanisms of how these crops work are not fully understood. Furthermore, since 

different crops produce different phytochemicals, there is room for additional investigations into 

this area. The polythienyls produced by marigold (Tagetes spp), and other member of the 

Asteraceae family is one of the most commonly studied preformed phytochemicals used in 

control of plant parasitic nematodes (Wang et al, 2007). Since the suppressive effects of 

marigold on nematodes were first recognized in 1958 by Uhlenbroek and Bijloo, many recent 

studies have shown that marigolds will reduce populations of plant parasitic nematodes when 

used as a rotation crop.  For example, in Ontario, Tagetes patula cv. Creole and Tagetes erecta 

cv. CrackerJack were effective in a rotation with tobacco for suppressing Pratylenchus penetrans 

(Cobb) Filipjev & Schuurmans-Stekhoven, thus, it may be considered a functional alternative to 

chemical fumigation for Ontario flue-cured tobacco (Nicotiana tabacum) (Reynolds et al, 2000).  

Finally, weeds are potential host to D. dipsaci, thus, weed control is especially important 

for successful rotation programmes, because success depends on the absence of host plants to 

prevent nematode feeding and reproduction. Since D. dipsaci can feed and reproduce in and on 

weeds of the families Asteraceae and Solanaceae, a high incidence of weeds from these families 

can minimize the benefits of rotation programmes. Without weed control during crop rotations 
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such weeds can invalidate rotation programmes for D. dipsaci.  An example of a common weed 

host of D. dipsaci is creeping thistle (Cirsium arvense) which allows good D. dipsaci 

reproduction (Mandani et al, 2015). Therefore, steps should be taken to eradicate  this weed 

from fields in which crop rotation programmes are aimed at controlling D. dipsaci.   

1.3.3 Chemical control 

Chemicals used to control plant parasitic nematodes are termed nematicides and fall into 

two broad categories: fumigants and non-fumigants.  Regardless of the category, the chemical 

has to come into contact with and enter the nematode’s body at concentrations high enough to 

kill them.  Contact of the nematode and the nematicide may be achieved by mechanical dispersal 

through the soil, percolation in water, or gaseous diffusion (Jenkins & Taylor, 1967).  Once 

inside the nematode, the chemical crosses cellular and intercellular barriers to act against a 

receptor.  There are four major receptor sites in nematodes: neuromuscular coordination, 

haemoproteins, energy metabolism, and membrane lipoproteins (Croll &Matthews, 1977).   

Carbon disulphide (CS2), the first soil fumigant used to control Heterodera in sugar beet 

(Beta vulgaris), laid the foundation for the widespread development and use of soil applied 

chemicals to control plant parasitic nematodes (Chitwood, 2000). To date, methyl bromide has 

been the most successful broad-spectrum nematicide used to control plant parasitic nematode 

(Locascio et al, 1997). Methyl bromide was not widely used in Canada for nematode control 

(Mary Ruth McDonald, Personal Communication, 2017) and most uses of this product 

worldwide have been phased out according to the Montreal Protocol because of the effects on the 

ozone layer and toxicity to the environment, animals and humans (Martin, 2003).  The search 

continues for a suitable replacement.   
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Applications of soil fumigants have been the most effective measure in controlling 

soilborne plant parasitic nematodes. Preplant applications of methyl bromide and ethylene 

dibromide effectively reduced the population of D. dipsaci. When tested on garlic, methyl 

bromide was effective in controlling the pathogen in the soil, but the product was phytotoxic and 

the plants were severely stunted (Siti et al, 1982; Whitehead, 1997).  Aldicarb and phenamiphos 

applied at rates of 2.52 and 5.04 kg a.i./ha resulted in effective suppression of D. dipsaci and 

increased yields in garlic (Roberts & Greathead, 1986).  These products are no longer registered 

in Canada.  

Chemical disinfection of plant material (bulbs and seeds) and soil with non-fumigant 

pesticides can be effective in reducing the incidence of D. dipsaci in bulb crops. Several 

experiments have demonstrated the effectiveness of dipping bulbs, such a garlic, narcissus and 

tulip (Tulipa gesneriana) in non-fumigant nematicidal or insecticidal solutions in the elimination 

of D. dipsaci (Becker 1999; Celetti et al, 2013; Roberts & Greathead, 1986). The reduction in the 

use of anticholinesterases such as carbamates and organophosphates has led to the search for 

alternatives for the control of plant parasitic nematodes. Therefore, it would be useful to 

investigate pesticides such as abamectin, flufensulfone and fluopyram that have modes of action 

distinct from anticholinesterase. 

Abamectin, a macrocyclic lactone derived from the actinobacteria Streptomycetes 

avermitilis, is a synthetically produced insecticide of the group avermectin (Cabrera et al, 2013). 

In Canada, abamectin is rated as highly toxic.  However, because of the low concentration of the 

active ingredients in abamectin formulations, the product poses little or no risk to worker safety 

and is non-persistent in the ecosystem. Abamectin formulations registered in Canada, under 

trademarks such as Agri-Mek SC® (Syngenta, Canada), have been used for the control of several 
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arthropod species. Also, research conducted in other parts of the world have shown that 

abamectin possesses high nematicidal activity against several nematode genera. For instance, in 

Brazil cool dip applications of 0.036 and 0.072g/L of abamectin controlled D. dipsaci and 

increased yields of garlic (Bekker, 1999). Additionally, Zhang et al (2013) reported that in-

furrow application of abamectin at 30 kg ha-1effectively controlled cereal cyst nematode (CCN), 

Heterodera avenae Wollenweber and increased wheat yield by 8.5-19.3%.   

Fluensulfone (Nimitz®, ADAMA, Canada) belongs to the fluoroalkenyl group, and has a 

similar mode of action as the avermectins reducing the motility of plant parasitic nematode. 

Results of in vitro and soil studies have indicated the efficacy of fluensulfone in controlling 

Pratylenchus thornei Sher and Allen, P. penetrans (Cobb) Filipjev & Schuurmans-Stekhoven 

and Xiphinema index Thorne and Allen.  However, this product was not effective against 

Meloidygne javanica, Aphlenencoides besseyi Christie, Aphlenchoides fragariae (Ritzema Bos) 

and Ditylenchus dipsaci (Oka, 2013).  

Flupopyram belongs to a group of chemistry called pyridinyl ethylbenzimides that are 

succinate dehydrogenase inhibitors (SDHI).  SDHI fungicides have both penetrant and 

translaminar properties, therefore they may be applied to foliage, as seed treatments, or as in-

furrow drenches (Mueller et al, 2013). At the biochemical level, SDHIs inhibits fungal 

mitochondrial respiration by blocking the ubiquinone-binding sites of succinate dehydrogenase 

complex 11 (McKay et al, 2011). Fluopyram in the fungicide resistant action committee (FRAC) 

code 7, is a broad-spectrum fungicide that has high nematicidal activity and the potential to 

effectively control plant parasitic nematodes in many agronomic crops. The trade names in 

Canada are Velum Prime® (Bayer Crop Science, Canada), when it is sold as a nematicide and 

Luna Tranquility® (Bayer Crop Science, Canada), when it is sold as a fungicide. A previous 
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study demonstrated that application rates of 1.3-5.2µg/ml and 3.3 – 13.3 µg/ml of fluopyram 

effectively reduced Meloidogyne incognita (Kofold & White) Chitwood and Rotylenchus 

reniformis Linford & Oliveira infection on tomato (Faske & Hurd, 2015). Since fluopyram has 

shown efficacy in controlling some nematode species, it would be useful to conduct studies 

aimed at evaluating seed treatment and in-furrow drench at planting for management of D. 

dipsaci in garlic in Canada where there is little data on nematode toxicity, nematode recovery or 

effects of infection by D. dipsaci after exposure to fluopyram.  

 Currently, there are no nematicides registered for the control of D. Dipsaci on garlic in 

Canada.  Therefore, research is needed to provide the industry with viable chemical options to 

prevent yield losses in garlic caused by D. Dipsaci. 

1.3.4 Biological control   

Biological control is the term applied to the use of antagonists to reduce or suppress 

disease (Pal et al, 2006). In nematology, antagonists are able to reduce or prevent infection by 

nematodes as a result of both antibiosis and hyperparasitism.  Biological control techniques have 

been used to control plant parasitic nematodes for a number of years (Hay & Bateson, 1997; 

Mendoza et al, 2008; Zouhar et al, 2009).  

 Research has shown that secondary metabolites such as glucosinolates, dhurrin and 

polythienyls play a role in antibiosis (Zouhar et al, 2009; Zouhar et al, 2016). Glucosinolates, a 

class of sulfur containing compound found in many Brassicaceae, are hydrolyzed by the enzyme 

myrosinase to form isothiocyanate (ITC), which is toxic to several genera of plant parasitic 

nematodes. Glucosinolates break down to release methyl isothiocyanate, the same active 

ingredient in commercial fumigants containing metham sodium (D’Addabbo et al, 2014; Natalli 

& Caboni, 2012). For example, research has shown that cutlass mustard (Brassica juncea L. 
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Coss) possesses nematicidial activity against D. dipsaci (Celetti, 2009).  While sudangrass 

(Sorghum Sudanese) contains the cyanogenic glucoside, dhurrin, that degrades into hydrogen 

cyanide (HCN), which is an effective nematicide (Chitwood, 2002).  Studies in the Czech 

Republic have shown that in garlic, fumigation treatment with hydrogen cyanide at concentration 

of 20 g/m3 for 12, 18 and 24 hours resulted in 99% mortality of D. dipsaci (Zouhar et al., 2016). 

Commercial use of HCN as a fumigation treatment of onion bulbs against D. dipsaci was 

discontinued by the EPPO in 1985 (Zouhar et al, 2016).  Marigold secretes polythienyls and 

polyacetylenes which suppresses several nematode genera such as Pratylenchus and 

Meloidogyne (Chitwood, 2002; Zouhar et al, 2009). 

The positive nematicidial activity of glucosinolates, dhurrin, and polythienyls in the 

suppression of nematodes, suggest that plants containing these metabolites possess good 

biofumigant potential. These results have provided new avenues that may be explored in the 

search for alternatives to synthetic chemicals in the management of plant parasitic nematodes. 

Essential oils/crude extracts obtained from medicinal and aromatic plants have been 

examined for nematode-antagonistic activity.  Several plant species have shown promise in the 

management of D. dipsaci. This possibility was tested by Zouhar et al (2009) in the Czech 

Republic. They found that at very low concentration (1500ppm) and exposure duration (three 

hours) essential oils from Origanum compactum, Origanum vulgare and Thymus vulgaris led to 

increased mortality of D. dipsaci. Additionally, concentration and duration of exposure affected 

the efficacy of Thymus matschiana and Eugenia caryophyllate as they were most effective at 

concentrations of 5000 and 7000 ppm and exposure duration of six hours. However, essential 

oils extracted from Tagetes bipinata and Tagetes spp. did not show nematicidal activity against 

D. dipsaci. In recent years there has been an appearance of several plant-based products with 
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anti-nematodal activity.  One such product is ProMax®, the trade name of a biopesticide 

containing an extract from Thymus spp. Based on the product label ProMax® is a soil applied 

nematicide that provides control of several nematode species, inclusive of Ditylenchus dipsaci. 

  Interest in the research and development of biological control agents (BCAs) used as 

microbial inoculants has increased because of the need for effective alternatives to chemicals and 

improvement in integrated pest management (IPM) programmes. Some bacteria have been 

shown to be effective antagonistic organisms for the management of both sedentary and 

migratory plant parasitic nematodes.  For example, in vivo studies showed that the bacterium 

Bacillus firmus Bredemann & Werner produced secondary metabolites during fermentation that 

were toxic to three nematode species, M. incognita, Radophulus similis (Cobb 1893) Thorne, 

1949 and D. dipsaci. These metabolites show nematicidal effect and resulted in significant levels 

of paralysis and mortality in D. dipsaci juveniles (Mendoza et al, 2008). In addition, Hay and 

Bateson (1997) demonstrated the suitability of the nematophagous fungus Verticillium 

balanoides Drechsler for the control of D. dipsaci in the foliage of white clover.   Another study 

showed the efficacy of spores of Hiirsutella rhossiliensis Minter & B.L. Brady in parasitizing D. 

dipsaci (Cayrol & Frankowski, 1986).   

1.3.5 Genetic control 

The cultivation of crop plants resistant to nematodes provide an effective and 

environmentally friendly option in managing plant parasitic nematodes in agricultural cropping 

systems. Intrinsically, breeding for resistance or tolerance to D. dipsaci offers another alternative 

to minimize yield loss. There is limited information on the resistance or tolerance of cultivated 

garlic to D. dipsaci, successes in breeding for resistance to nematodes have been reported for 

tobacco (La Mondia, 1988), soybean (Riggs et al., 1988), cowpea (Kirkpatrick & Morelock, 
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1987) and alfalfa (Griffin, 1990).  There are no commercial garlic cultivars that possess 

qualitative germplasm resistance to D. dipsaci. However, resistance in garlic has been reported 

by Koch and Salomon, (1994), and by Charchar et al (2003), who reported resistance to D. 

dipsaci in six garlic cultivars in Brazil.  There are special problems in breeding for garlic for 

resistance, chief among which is the absence of fertile seeds. This limits breeding for resistance, 

since sexual propagation of garlic is needed to facilitate the exchange of genetic traits from one 

genotype to another (Kamenetsky et al, 2004). 

Notwithstanding the successes in the area of plant breeding for resistance to plant 

pathogens, there are drawbacks to this approach.  For example, the long-term use of resistant 

cultivars places selection pressure on the target nematodes and leads to shifts in nematode races 

and species (Young, 1992).  Notable examples of shifts in races of a nematode in response to 

planting resistant cultivars are seen in soybean cyst nematode Heterodera glycines Ichinohe 

(Hoskins, 2007; Nilblack & Colgrove, 2008).  

1.4 Fusarium oxysporum  

 Fusarium oxysporum is a soil borne fungal necrotroph in the family Nectriaceae, which 

includes more than 120 plant pathogenic forms of F. oxysporum (Michielese & Rep, 2009). The 

genus Fusarium was created in 1809 by Link. A century later, Appel and Wollenweber (1910) 

grouped all imperfect fungi called tuberculariaceae. These fungi possessed pluricellular 

macroconidia with croissant shape developed on sporodochia. Re-evaluations of the taxonomy of 

the species, based on morphological, biological and phylogenetic criteria, has revealed 70 

distinct phylogenetic species, with F. oxysporum in the elegans section (Lesile & Summerell, 

2006). Pathogenic strains of this fungus are differentiated by their relative pathogenicity to 

specific host plants under the concept of forma specialis and physiologic races based on cultivar 
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specificity (Correl, 1991). While useful in identifying biological specialization, forma specialis, 

provides pathologists with a broad grouping of diverse isolates possibly polyphyletic in origin. 

This pattern of genetic diversity within forma specialis has adverse impacts on breeding for 

resistance since it is not known if the mechanisms for virulence of a particular host are identical, 

similar or different within a forma specialis.  Additionally, not all forma speciales are host 

specific; some have a broad host range, which complicates management.   

The etiology of Fusarium basal plate rot of garlic is confusing. Some researchers refer to 

Fusarium culmorum (syns. F. roseum ‘Culmorum’ and F. roseum var. culmorum) (Crowe, 2008) 

as causal agents of basal plate rot in garlic, and another species, Fusarium proliferatum has also 

been suggested by Koike et al, (2007). The focus on this research is on Foc the causal organism 

of basal plate rot of garlic in Ontario (Celetti, 2016).  

Fusarium oxysporum colony morphology is similar in some respects to other Fusarium 

species. Using morphological features such as microconidia, macroconidia and chlamydospores 

may provide baseline information for differentiating between F. oxysporum and other closely 

related species.  Fusarium oxysporum reproduces asexually by producing macroconidia and 

microconidia in the same salmon-colored (pale orange) sporodochia, and chlamydospores 

(Agrios, 1997).  Conidia are produced singly on phialides. Phialides are subulate and possess a 

characteristics foot shaped basal cell. Microconidia are small, unicellular, and oval shaped (9 x 3 

µm). The macroconidia are large, thin walled, slightly curved with three to four septa, and are 25 

to 40 µm in length and 3.0 to 3.5 µm in width.  When resources are scarce and temperatures are 

high, the mycelial hyphae produce ovoid thick-walled cells, called chlamydospores. 

Chlamydospores occur singly or in chains, and more often terminal rather than intercalary in 
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position.  At maturity, the chlamydospores gets separated from the parent hyphae and act as 

resting spores (Cranmer, 2000). 

 The life cycle of F. oxysporum begins in the soil, where the spore germ tube or hyphae 

enters host tissues via wounds or penetrates epidermal cells directly (Abawi & Lorbeer, 1971; 

Bishop & Cooper, 1983). The developing mycelium enters the vascular bundles (xylem) after 

traversing the root cortex, and moves upward in the plant. Once the pathogen has successfully 

colonized the infected tissues, it begins producing and disseminating asexual spores via the 

transpiration stream.  When free movement of the spores are impeded, they germinate, clog the 

xylem vessels resulting in severe wilting and eventual death (Abawi & Lorbeer, 1971). The 

fungus then invades the parenchymatous tissues and sporulates profusely, and the spores are 

disseminated via wind and rain (Booth, as cited in Sirvastava et al, 2011).  

1.4.1 Basal plate rot in garlic 

The pathogen, Foc, colonizes the root surface and enters into the bulb of garlic, either as 

a primary invader or through wounded areas on the basal plate. Symptoms occur at all stages of 

plant development, ranging from rotting of roots, and slight discoloration of basal plate tissues to 

total necrosis (Chand et al, 2016; Rout et al, 2016).  Symptoms in the field are curling, curving, 

yellowing and necrosis of the leaves both alone or in combination, beginning at the tip and 

progressively moving downwards.  Plants also exhibit weak growth and may also wilt.  

Eventually the pathogen invades the entire bulb causing discoloration, and when cut, internal 

tissues appear brown and watery. The rot progresses from the stem plate up through the storage 

leaves.  Finally, the roots rot, and white mycelium may appear on the stem plate.  Healthy 

looking bulbs may have a latent infection, and subsequently develop rot in storage. Post-harvest 

symptoms may involve the breakdown of single, several, or all cloves in a bulb (Havey, 2008). 
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According to Everts et al (1985) there is a significant increase in the severity of Fusarium basal 

rot of onions where wounding has occurred, and this has led some researchers to theorize that 

Foc is a secondary pathogen of onion. It is with this premise in mind, which we seek to 

determine whether the same is true for garlic, a close relation to onion. 

1.4.2 Interaction of plant parasitic nematodes and soil-borne fungal pathogens 

The development of plant disease depends on the complex interrelationship between a 

susceptible host, a virulent pathogen and conducive environmental conditions. In the case of soil-

borne diseases, further opportunities exist for interactions with other microorganisms occupying 

the same ecological niche. The importance of plant parasitic nematodes in the development of 

disease complexes caused by soilborne fungal pathogens has been demonstrated in many crops. 

In many such cases, fungi from the genus Fusarium have been implicated in the nematode-

fungus disease complexes (Castillo et al, 1998; Castillo et al, 2003; Griffin, 1990; LaMondia, 

1992; Manuza & Webster, 1982). There are several examples where the interaction of fungi and 

nematodes results in greater damage to a crop than they do individually (Back et al., 2002; 

Castillo et al, 1998; Griffin, 1990; Riedel, 1988; Hillnhutter et al, 2011). According to Riedel 

(1988), nematodes interact with soil-borne pathogens in the following ways: (1) as vectors of 

plant pathogens; (2) as agents affecting ingress of soil-borne pathogens into their hosts; (3) as 

agents of predisposition and (4) as modifiers of rhizosphere microflora. This review highlights 

nematode-fungus disease complexes by looking at nematodes as agents affecting ingress of soil-

borne plant pathogens into their hosts and as agents of predisposition. 

Plant parasitic nematodes undoubtedly promote ingress of soil-borne pathogens into their 

host plants (Riedel, 1988).  Presumably, this allows the fungus to conserve energy that it would 

otherwise use to produce enzymes for lysis of cellular barriers; energy it can then use for 
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mounting a more virulent attack on the host.  This could result in synergistic levels of damage by 

interactions between the fungus and the nematodes (Back et al, 2002).  Some research suggests 

that simple physical injury of host tissue by nematodes does not explain nematode-fungal 

interactions in disease complexes (Bergeson, 1972; Riedel, 1998; Shishido et al, 2017). There 

are a number of reports which clearly illustrate that nematode damage has a role in the 

establishment and severity of disease caused by soil-borne fungal pathogens. For example, D. 

dipsaci can cause a disease complex involving fungal pathogens from a few genera (Griffin, 

1990; Hillnhutter et al, 2011).  Damage on sugar beet resulted in an increase in the severity of 

root and crown rot due to concomitant inoculation with D. dipsaci and Rhizoctonia solani (AG 2-

2IIIB) (Hillnhutter et al, 2011).  Griffin (1990) observed cultivar specificity among alfalfa 

(Mendicago sativa) to a disease complex caused by D. dipsaci and F. oxysporum f.sp. 

medicaginis. Earlier, Vrain (1987) reported that in a wilt- susceptible alfalfa cultivar, wilt 

symptoms caused by Verticilium albo-artum (Reinke & Berthold) appeared earlier, and with 

greater disease severity, in the presence of D. dipsaci. Also D. dipsaci reproduced faster in 

Vernal, the wilt susceptible cultivar, when the fungus was present.   

The interactions between several other soilborne fungi and nematodes have also been 

reported as disease complexes. The presence of P. penetrans (Cobb) enhances the severity of 

wilt of eggplant (Solanum melogena L.) caused by Verticillium albo-atrum (Mckeen & Mountain 

1960). Pratylenchus thornei decreased plant growth and increased the severity of root necrosis, 

caused by the fungus F. oxysporum f.sp. ciceris (race 5), in chickpea, presumably because the 

nematode modified the cortical cells of the host to facilitate greater colonization by the fungus.  

The nature of this modification may be due to the extent of infection by the nematode as related 

to the nematode inoculum density (Castillo et al, 1998). Early infection of tobacco by 
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Meloidogyne hapla Chitwood increased the incidence and severity of Fusarium wilt, but it was 

less than the increase caused by prior infections with Globodera tabacum Lowns and Lowns 

(LaMondia, 1992). Conversely, Shishido et al (2017) reported that root-knot (Meloidgyne 

incognita) nematodes do not affect the infection of Diaporthe scleroides Kesteren) Udayanga, 

Crous & Hyde (strain 59w) in roots, or the incidence and severity of black root rot of watermelon 

(Cucumis lanatus) and bottle gourd (Lagenaria ciceraria).   

These results demonstrate that plant damage under combined attack by nematodes and 

soilborne fungi can result in synergistic effects. Histological studies provide the key in gaining a 

better understanding on the mechanisms of ingress and the association between fungal pathogens 

and the injuries caused by plant parasitic nematodes (Back et al, 2002). The efficiency of this 

technique has been highlighted by Chand et al (1985), where the invasion process of nematodes 

was found to facilitate the entry of R. solani. Time series microscopic analysis showed that 

hyphal colonization frequently followed tracts made by the invading nematode. These results are 

similar to the results of previous studies conducted with Heterodera sachachtii (Schmidt) and R. 

solani on sugar beets (Polychronopoulos et al, 1969).   

One challenge in understanding disease complex lies in accurately identifying the type of 

relationship that exist between co-infecting pathogens. Plant responses to concurrent pathogen 

infection may be grouped into one of three broad categories of interaction types based on the 

cumulative effect of combined pathogens: synergistic, additive and antagonistic. An interaction 

of two pathogens in an infected organism where their combined effect is much greater than the 

sum of the effects of each pathogen acting alone is termed synergy (Murray et al, 2014; Piggott 

et al, 2015). By contrast, when the combined effect of two pathogens generates a response that is 

less than the individual pathogen acting alone, the interaction is deemed to be antagonistic (Cote 
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et al, 2016; Piggott et al, 2015).  Whereas, an interaction in which two pathogens produce total 

effects similar to the sum of the individual pathogens is called an additive effect (Kalilani & 

Atashii, 2006). Plant disease complexes are the results of synergistic interactions between co-

infecting pathogens  

Despite decades of research investigating nematode-fungus disease complexes, there has 

been no methodical study of the interaction between D. dipsaci and Foc on basal plate rot in 

garlic.  A study of this nature would be useful in expanding the understanding of this important 

interaction. 

1.5 Summary 

The stem and bulb nematode is one of the most important limiting factors in garlic 

production in Ontario as it reduces garlic yield, quality, the number of fields suitable for 

production, and potential production areas. The pathogen is difficult to manage because there are 

no nematicides registered for control and the host range of the race that infects garlic is 

unknown. Therefore, an integrated disease management approach is needed to limit crop losses 

and nematode spread. In order for crop rotation to be an effective management tool, knowledge 

of the host range status of the pathogen is required.  There are two races of D. dipsaci infecting 

garlic in Ontario, but the host range of each is unknown (Qiao et al, 2013). Thus, information on 

crops resistant or tolerant to the Ontario race of D. dipsaci would be invaluable to garlic growers. 

Basal plate rot of garlic, caused by the soil borne fungus Foc, is a serious disease 

wherever the crop is grown.  There is anecdotal evidence that D. dipsaci might play a role in the 

etiology, and in increasing the severity of basal plate rot of garlic. However, there is no 

information on the interaction between D. dipsaci and Foc.  Research on the types of interaction 
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between these two pathogens, including thresholds, is needed to contribute to an effective 

integrated pest management programme.     

In conclusion, effective management of these diseases will require an integrated disease 

management programme that takes into consideration race specificity. In the short term, crop 

protection materials and crop rotation offer the most versatile control strategy. Practical areas for 

future research should include the integration of cultural procedures and resistant germplasm.   

1.6 Research objectives and hypothesis 

The specific objectives of the research are:  

(1) To identify effective crop protection materials and the optimum application method for 

the control of D. dipsaci 

(2) To identify plant species that are non-hosts and decrease soil inoculum levels, to be used 

as rotation or cover crops in garlic production 

(3) To determine if there is an additive, synergistic or antagonistic interaction between D.  

dipsaci and Foc in the basal plate rot disease-complex of garlic. 

The effectiveness of various chemical products and application methods will be evaluated.  

Currently, there are no nematicides registered for use on garlic seed cloves in Canada. Crop 

protection materials registered for use on other nematode species, new insecticide formulations, 

and a biopesticide will be evaluated.  The application methods that will be evaluated are in-

furrow drenches applied at planting, seed soaks and seed fumigation.    

Non-host species suitable for rotation with garlic will be identified.   Research suggests that 

the use of nonhost crops can reduce soil inoculum.  While the benefits of crop rotation in the 

management of soil-borne pathogens cannot be overlooked, D. dipsaci, presents an unusual 

challenge, with the presence of more than 30 biological races. 
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Finally, the types of interaction that occur between D. dipsaci and Foc will be investigated. 

The occurrence of disease complexes involving soil-borne pathogens is well documented, with 

most researchers investigating interactions between endoparasitic nematodes and soil fungi. 

However, there is no research on the types of interactions that occur between D. dipsaci and Foc 

during basal plate rot. Because D. dipsaci are agents of ingress, they might be playing a role in 

the etiology and or severity of basal plate rot of garlic. To determine the types of interaction 

between D. dipsaci and Foc, growth room experiments using nematode-free garlic seed cloves 

exposed to the pathogens singly or in combination will be conducted. The findings of these 

experiments will provide useful information for the development of management strategies to 

improve plant health of garlic and garlic production in Ontario but will also have applications to 

other areas of the world.    

The following hypotheses were proposed:  

1. Fluopyram applied as a drench or seed soak will decrease incidence and severity and 

increase marketable yields in D. dipsaci infested garlic grown on muck and mineral soil. 

2. Under greenhouse conditions soybean and wheat will have a greater suppressive effect on 

the reproduction of D. dipsaci compared to fallow, corn, potato, carrot and onion. 

3.  Sequential inoculation of D. dipsaci followed by Foc, predisposes plants to secondary 

infection, and will increase the severity of basal plate rot, and decrease bulb yield in 

garlic. 

4. Dual inoculations with Foc and D. dipsaci will increase D. dipsaci reproduction, and final 

population densities in garlic. 
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CHAPTER TWO 

EVALUATION OF NEW CHEMISTRIES AND APPLICATION 

TECHNIQUES FOR THE MANAGEMENTOF STEM AND BULB 

NEMATODE IN GARLIC 

 

2 Introduction 

The stem and bulb nematode (Ditylenchus dipsaci (Kuhn 1857) Filipjev 1936) is an 

endo-migratory plant parasitic nematode found in temperate climates which attacks numerous 

crops of economic importance, including garlic.  The nematode was first identified in Germany 

in 1881, and first reported in the Point Peele Marsh, Ontario, Canada in 1957. By mid the 1970s 

the nematode had spread to several other allium production areas in the province (Fushtey & 

Kelly, 1975; Johnson & Kayler, 1972), and by 2009, the nematode was reported in five 

additional provinces (CABI, 2016).  The nematode is mainly disseminated in infested seed 

cloves and can survive in soil for many years in the absence of a suitable host (Fielding, 1951; 

Sayre & Mountain, 1962). Since D. dipsaci spends most of its life in the plant, control of the 

nematode is primarily carried out by disinfestation of the planting material, the seed cloves.  

Eradication of the nematode in the soil is not practical, but some cultural and physical practices 

may be used to reduce population densities and consequently, disease severity (Everts et al, 

2006; Greco et al, 1985; Hanks & Linfield, 1999; Lamberti et al, 2001; Wang et al, 2007).    

Ontario has more hectares of garlic than any other province in Canada, with a five-year 

average of 612-ha planted annually. According to the Statistics Canada data of Ontario, in 2017 

garlic accounted for approximately 10% of the total allium production area, and 11% of the farm 

gate value of allium vegetables. This translated to an average of four million dollars to the 

province’s garlic growers (Statistics Canada, 2018). This is an important crop for growers in 

Ontario, and the stem and bulb nematode is the most important threat to sustained production.  
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Stem and bulb nematode has been the major limiting factor for garlic production in 

Ontario for many years (Michael Celetti personal communication, 2016), and more effective 

management options are needed. Chemical control was for decades the most effective 

management strategy for the control of plant parasitic nematodes, such as D. dipsaci.  Fumigants 

such as ethylene dibromide, methyl bromide (Jerusalem) and non-fumigant nematicides, such as 

carbamates and organophosphates (England and USA), have provided effective control, but due 

to their potential hazards to the environment and human health, these products have been 

deregistered in many regions of the world. Deregistration of these chemicals has created a void 

in D. Dipsaci management, and the pace of development of less toxic chemicals has been slow. 

Considering these limitations, there has been growing demand for newer, less toxic chemistries 

aimed at providing effective management of D. dipsaci in garlic. Recent development of 

integrated pest management in nematology research focus on nematode biology, host phenology, 

and nematode-host interactions. 

Presently, no crop protection materials are registered for use in Canada for the control of 

D. dipsaci on garlic. As a consequence, the main nematode control measures that growers utilize 

are physical (hot water treatment) and cultural (avoidance of infested fields). Hot water treatment 

has provided limited control and is often impractical because of the difficulty in maintaining the 

desired temperature.  Also, there are concerns about the development of heat resistance within 

the nematode population (Diekmann, 1997; Green, 1964; Roberts & Matthews, 1995; Winfield, 

1969). Hot water dip treatments may inhibit germination and damage the cloves.  In Ontario 

several garlic growers use crop rotation to manage soil borne diseases and improve soil health 

(Travis Cranmer, 2018). However, crop rotation might not be a viable option in Ontario, as the 

host range of the D. dipsaci races infecting garlic is unknown. The use of resistant cultivars is 
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not an option since there is limited information on cultivar resistance to D. dipsaci in garlic, but 

to date, all commercial garlic appears to be susceptible. Thus, chemical control remains an 

important option. Several newer, less toxic chemistries have received PMRA registration as 

nematicides in Canada on various crops, but not garlic. These include fluopyram (Velum Prime®, 

Bayer CropScience, Ontario, Canada, 2017) and fluensulfone (Nimitz EC®, ADAMA 

Agricultural Solutions Canada Inc, Manitoba, Canada, 2012). 

Fluensulfone, a member of the fluoalkenyl group, is labelled for use in several vegetable 

crops, and is marketed as a contact nematicide. The efficacy of flufensulfone has been studied on 

plant parasitic nematodes including Ditylenchus dipsaci, Aphelenchoides besseyi Christie, 

Xiphinema index Thorne & Allen, Meloidogyne javanica (Kofoid and White) Chitwood and 

Globodera pallida (Stone) Behrens (Morris et al, 2016; Norshie et al, 2016; Oka, 2014; Oka et 

al, 2013). There is limited work on the efficacy of fluensulfone on D. dipsaci, but a study 

conducted by Oka (2014), found D. dipsaci to be tolerant to the chemical.  Fluopyram (Velum 

Prime®), a FRAC 7 fungicide has been labelled as a nematicide treatment for potato and other 

tuberous and corm vegetables. The efficacy of fluopyram has been studied on nematode species 

M. incognita, and Rotylenchus reniformis Linford & Oliveira (Faske & Hurd, 2015) in tomato 

(Solanum lycopersicum), and on D. dipsaci in garlic (McDonald & Vander Koi, 2016).   

The macrocyclic lactone, abamectin, was previously identified as the most effective 

chemical for the control of D. dipsaci in garlic bulbs (Becker, 1999; Celetti et al 2013; 

McDonald & Vander Koi, 2016).  This active ingredient is registered for use on garlic in Canada 

as a foliar insecticide (Vegetable Crop Production Guide, 2018). However, the affinity of 

abamectin to bind to soil particles, coupled with its short half-life in the soil, has limited its use 

primarily to bulb dips or soaks. There is increasing concern about the potential hazards to human 
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health, as a result of greater exposure, with the use of seed applied pesticides for crops that are 

often seeded by hand, such as garlic, and thus soil applied pesticides are preferred. To counteract 

issues related to soil-binding and immobility, a nano-formulated abamectin (Vive-ABA®, Vive-

Crop Protection, Ontario, Canada) product has been developed. This product was developed to 

avoid strong interaction with soil particles, and its small particle size enhances product mobility 

in the soil (Vive Crop Protection, 2017). 

Thyme oil (ProMax®, HumaGro Arizona, USA) is a biopesticide labelled for use in the 

United States of America as a nematicide in certain fruit trees and vegetable crops. There is 

evidence that thyme oil may suppress D. dipsaci (Zouhar et al, 2009).  However, determining the 

optimum concentration and exposure time appear to be important for the effectiveness of the 

product. There is demand for organic garlic and it would be helpful to have a nematicide that is 

approved for organic use.  

Seed treatments (soaks of the garlic seed cloves) have been evaluated as a method to 

control D. dipsaci in infested garlic cloves. A few pesticides have been found to support this 

method as they are beneficial to the early crop protection, and they appear to have reduced 

toxicity. Concerns related to the safety of humans and the environment have required that fewer 

toxic pesticides be used in agricultural production systems.  The most successful trial to date was 

by Becker (1999) where various rates of abamectin were used to control D. dipsaci in infested 

garlic cloves cv. ‘Quiteria’. Protection lasted up to harvest, providing effective control against 

the nematode.  Abamectin increased yield of commercially acceptable bulbs to a level 36% 

higher than that from untreated infected cloves and comparable to that from non-infected cloves. 

Ninety three percent of bulbs produced using the highest rate of abamectin (0.072 a.i. g/L) were 

nematode-free, compared to 46% of bulbs produced from untreated infected cloves. 
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Pesticides applied in-furrow at seeding can provide control against D. dipsaci. Fluopyram 

and abamectin applied at seeding were successful in suppressing nematode populations (Celetti 

et al., 2013; Faske & Hurd, 2015; McDonald & Vander Koi, 2016). Abamectin at a rate of 

1.2L/ha reduced nematode population per bulb compared with foliar application (Celetti et al, 

2013).  Fluopyram applied as a drench at planting decreased disease severity index, and 

increased plant height and marketable yields compared to flufensulfone (McDonald et al, 2016) 

Aluminum phosphide produces phosphine gas, a mitochondrial poison that interferes 

with oxidative phosphorylation and protein synthesis. Aluminum phosphide is one of the major 

ingredients in several grain fumigants.  Most of the work which is reported on aluminum 

phosphide toxicity is on insects (Pant & Tripathi, 2011); however, applied as a soil fumigant 

aluminum phosphide has been effective in controlling M. incognita in tomato (Qiao et al, 2011). 

There are no reports on applying aluminum phosphide to control D. dipsaci.  

 Since soil texture has been closely correlated with nematode incidence, and 

corresponding damage to the host plant, an understanding of the soil texture on which garlic is 

grown might be useful in helping to develop a management programme. In Ontario, most allium 

vegetables are grown on either muck or mineral soil.  Muck (organic) soils have an organic 

matter content of approximately 60-80% with a pH of 4.0 – 7.5.  Insecticide applied to soils with 

high organic matter content often degrade at a much faster rate than in mineral soils (Edwards, 

1966; Guth et al, 1977).  Chemicals applied in or on the surface of muck soils often need to be 

applied at a higher rate than mineral soil (2-3 times more) because of increased absorption of the 

organic matter. 

There are several new nematicidal products that need to be evaluated for use on garlic to 

prevent damage from the D. dipsaci.  In many cases the rates for garlic are not known.  Garlic is 
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unusual in that it is propagated by seed cloves, so treatment of the seed cloves and of the soil at 

seeding are both management options.  A drench at seeding would be preferable as this reduces 

human exposure and also reduces the amount of handling involved and the problem of disposing 

of the used soak solutions.  

Damage thresholds are defined for several nematode species but this crop management 

strategy is influenced by nematode species, plant host and environmental conditions. Reports in 

Ontario have indicated that garlic yield is reduced when D. dipsaci population density exceeds 

100 nematodes kg-1 dry soil (OMAFRA, 2009).  In England and Wales, damage threshold of 20 

eggs gram-1 soil has been reported for white clover (Trifolium repens) and perenninal rye 

(Lolium perenne) (Cook et al, 1992). Limited surveys have found that these population densities 

are exceeded in as many as 70% of fields sampled in major garlic producing regions in Ontario 

(Hughes et al, 2012). Yield reductions in garlic have been linked to use of infested seed cloves, 

but there is no mention in the literature of damage threshold levels for garlic seed cloves. 

However, it is recommended that nematode-free garlic seed cloves be used for planting (Travis 

Cranmer – Personal Communication, 2018). Since nematode population density varies in garlic 

seed cloves, this might impact management methods. Thus, it would be important determine how 

garlic clove infestation levels impact garlic yield and pesticide efficacy.  

The objective of the current study was to evaluate the efficacy of new chemistries 

(synthetic and organic) and application techniques in controlling D. dipsaci in garlic grown from 

naturally infested seed cloves.  The following hypotheses were tested:   

• New nematicide products will decrease disease intensity (incidence and severity), and 

increase marketable yields in D. dipsaci infested garlic compared to untreated check. 
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• Soaking seed in a nematicide solution will be more effective in reducing disease severity 

and in increasing yield, as compared to an in-furrow drench application of the 

nematicidal products.  

2.1 Materials and Methods 

2.1.1 Experimental design 

Field trials were conducted on two different soils: muck soil (organic matter 65.5%, pH~ 

6.8) naturally infested with stem and bulb nematode within a walled site at the Muck Crops 

Research Station (MCRS) and mineral soil (organic matter ~ 5%, pH ~ 7.5) that was not infested 

with stem and bulb nematode, located near Cookstown, ON. A different, but similar, mineral soil 

site, was used in the second year of the study.  The distance between the plots was approximately 

300m and the soil type was similar to that of the first year (Table 2.1).  Soil composition, pH and 

texture were determined by SGS Agrifood Laboratories, Guelph, Canada and are summarized in 

Table 2.1. A randomized complete block design with four replicates per treatment was used. 

Each replicate consisted of 30 garlic cloves planted 5 cm deep and 10 cm apart in single rows, 3 

m long and spaced 40 cm apart. At the MCRS, each replicate block was separated by 40 cm of 

bare soil due to space limitation.  At the Cookstown site, 1m of bare soil separated each replicate 

block. The trials were planted on 21 October and 1 November 2016, and on 18 and 25 October 

2017 in muck and mineral soil, respectively.  
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Table 2.1: Properties of soil collected from muck and mineral soils on which garlic field trails 

were conducted between 2016- 2018, Ontario, Canada. 

2016 

Location Longitude, 

latitude 

pH Soil composition (%) Soil texture2,3 

Sand Silt Clay OM1 

Cookstown 44.10 – 79.70 7.6 53 38 9 5.1 Sandy loam 

Holland Marsh 44.00 – 79.60 6.8 80 13 7 65.5 Muck 

2017 

Cookstown 44.10 – 79.70 7.6 53 38 9 5.1 Sandy loam 

Holland Marsh 44.00 – 79.60 6.7 81 13 6 65.5 Muck 

1OM= Organic matter content (%) 
2Organic (muck) soils are hemic histosol having an organic matter content of approximately 60-

80% with a pH of 4.0 – 7.5. 
3 The sand, silt and clay in the muck soils refers to only the mineral component of the soils, 

approximately 34.5% of the soil.  

 

2.1.2 Plant material  

Garlic cv ‘Music’, known to be susceptible to D. dipsaci, was used in these studies. 

‘Music’ is the most popular garlic cultivar grown in Ontario.  Garlic cloves naturally infested 

with a high of 832 nematodes g-1 were used in 2016, and in 2017, cloves containing a moderate 

infestation rate of 172 nematodes g-1, and a low of 114 nematodes g-1, were used.  Infested cloves 

were obtained from bulbs harvested from the previous year’s field plantings. In 2016, nematode- 

free bulbs were obtained from the New Liskeard Research Centre, Canada, and in 2017, from a 

private farm (Gwillimbury, Canada). The nematode counts in the cloves were determined by the 

University of Guelph Agriculture and Food Laboratory using the Baermann funnel method 

(Appendix 1.2). 
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2.1.3 Treatments 

A variety of pesticides and application techniques were evaluated.  The pesticides were chosen 

based on various criteria: if the product had previously been evaluated at the MCRS, positive 

results in the literature, and product availability.  Pesticide rates were chosen based on previous 

research results or, for products not previously tested at the MCRS, high label rates were used. 

Thyme oil and nano-formulated abamectin were not previously tested at the MCRS. Though both 

products have been labelled for other nematode genera, the concentrations likely to cause 

mortality in D. dipsaci is unknown, thus high label rates were used.  An untreated check and a 

check of clean seed were also included. 

Soak treatments were applied by placing the cloves in a mesh bag and soaking for four 

hours in 10 L of each treatment solution (Fig 2.1). After treatment, bulbs were air dried at room 

temperature for approximately 20 hours and then planted. During the 2016/2017 trials air dried 

bulbs were stored at 40C for a maximum of ten days until planted. 

 
Figure 2.1:  Four-hour soak treatment of garlic clove. 
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In 2016, the soak treatments were abamectin, nano-formulated abamectin, flufensulfone, 

thyme oil and fluopyram. Treatments were applied on 11 October, 2016.  In 2017, the same 

treatments were included except that flufensulfone was not evaluated, as results found no 

significant difference in efficacy compared with the untreated control. The treatments were 

applied on 17 October, 2017 (Table 2.2). In 2016, all of the seed cloves had the same high level 

of nematode infection.  In 2017, two levels of infection were used, cloves with medium and low 

infection were used in the trial.  Fluopyram, abamectin (soak and drench) and untreated check 

included both low and moderate clove infestation level; thyme oil (soak and drench), nano-

formulated abamectin (soak), and fluopyram (soak + drench) all had low clove infestation level. 
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Table 2.2: Chemical treatments, active ingredient, rates and modes of action applied to garlic cv. ‘Music’ grown on muck and mineral 

soil in Southern Ontario during the 2016/ 2017 and 2017/2018 cropping seasons. 

Trade name Active 

ingredient 

Supplier Rate/ha Application 

method 

Mode of action 

Agri-Mek SC Abamectin Syngenta Crop Protection 

Canada, Guelph, Ontario 

270 mL Soak Gamma aminobutyric acid (GABA) 

antagonist 

Agri-Mek SC1 Abamectin Syngenta Crop Protection 

Canada, Guelph, Ontario 

270 mL Drench Gamma aminobutyric acid (GABA) 

antagonist 

Nimitz 480 EC2 Fluensulfone ADAMA Agricultural 

Solutions Canada Inc, 

Winnipeg, Manitoba 

6L Soak Nematode specific serotonin pathway 

ProMax Thyme oil HumaGro, Gilbert, Arizona 11.23 L Soak Not known 

ProMax Thyme oil HumaGro, Gilbert, Arizona 11.23 L Drench Not known 

Velum Prime Fluopyram Bayer CropScience, Canada, 

Toronto, Ontario 

500 mL Soak Succinate dehydrogenase inhibitor 

(SDHI) 

Velum Prime Fluopyram Bayer CropScience, Canada, 

Toronto, Ontario 

500 mL Drench Succinate dehydrogenase inhibitor 

(SDHI) 

Velum Prime Fluopyram Bayer CropScience, Canada, 

Toronto, Ontario 

500 mL Soak + 

drench 

Succinate dehydrogenase inhibitor 

(SDHI) 

Vive-ABA Abamectin Vive Crop Protection, 

Mississauga, Ontario 

189 mL Soak Gamma aminobutyric acid (GABA) 

antagonist 

Vive-ABA3 Abamectin Vive Crop Protection, 

Mississauga, Ontario 

189 mL Drench Gamma aminobutyric acid (GABA) 

antagonist 

Phostoxin2 Aluminum 

phosphide 

DEGESCH, America Inc., 

Virginia, USA 

-- Seed 

fumigant 

Inhibitor of cytochrome C oxidase 

(complex IV)  
1 Product evaluated on both soil types during 2016/17 as a soak treatment. During the 2017/18 cropping season, the product was 

evaluated as both a soak, and a drench on mineral soil, and only as a soak treatment on muck soil.   
2Product and application method evaluated on both soil types during the 2016/17 cropping season, but was not evaluated on any soil 

type during the 2017/18 cropping season.  
3 Nano-formualted abamectin. Product and application method evaluated on both soil types during 2016/17. During the 2017/18 

cropping season, the product was evaluated as both a soak and a drench on mineral soil, and only as a soak treatment on muck soil.   
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In-furrow drench treatments were applied directly over the cloves at planting (Fig 2.2) 

and then the soil was spread over the row. A water volume of approximately 167mL per meter 

(1670 L/ha) was used to deliver the product. Applications were made on 11 October, 2016 and 1 

November, 2016 and made on 18 and 25 October, 2017 for muck and mineral soil respectively 

(Table 2.2). 

 

 
Figure 2.2:  In-furrow drench being applied at planting. 

 

In 2017 the in-furrow treatments were fluopyram, abamectin, nano-formulated abamectin 

and thyme oil.  There was also a treatment that combined the fluopyram soak and drench 

applications.    
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In 2016, aluminum phosphide 55% (Phostoxin®, DEGESCH, America Inc., Virginia, 

USA) was applied as a seed fumigant prior to planting by placing garlic cloves in a 2.26 m3 

enclosure for 72 hours at 26°C.  Aluminum phosphide was not examined in 2017, as the 2016 

results found no difference between stem and bulb nematode damage in aluminum phosphide 

treated plots compared to untreated control. 

In 2017, pendimethalin (Prowl 400 EC®, BASF Canada Inc, Mississauga, Ontario) was 

applied to muck soil following label recommendations to control weeds. Subsequently, hand 

weeding was done throughout the remainder of the growing season until maturity.  Because 

weed pressure was lower on the mineral soil, only hand weeding was done.  In 2018, hand 

weeding was done at both sites once every two weeks.  In 2017 one application of granular 

synthetic fertilizer was made to the mineral soil:  nitrogen 60kg/ha, potassium 50kg/ha and 

potassium 75kg/ha, based on OMAFRA recommendations (Vegetable Production 

Recommendations 2010-2011, Publication 363).  No fertilizer was applied during the 2018 

growing season. 

2.1.4 Assessments 

Plant emergence data were collected at both sites on 19 April 2017, and on 4 and 10 May 

2018 for muck and mineral soil respectively. Stand counts were recorded once every two weeks 

until harvest. A representative sample of ten successive plants per replicate plot were assessed 

for height, starting three plants in from the end of the row.  Plants were measured from base (soil 

level) to the tip of the longest leaf. Plant height measurements were taken at two-week intervals 

starting in May 2017 and May 2018  

Disease incidence in both years was visually assessed by counting the total number of 

plants per treatment with symptoms of D. dipsaci infection. Plants were assessed for symptoms 
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of D. dipsaci on 6, 20 and 27 June, 2017 and on 8, 15 and 28 June, 2018. Infected plants 

appeared stunted, with chlorotic leaves and swollen stems close to the soil line. As the infection 

progressed, plants became wilted and eventually died. 

Garlic plants were harvested on 18-20 July 2017, and 9-10 July 2018.  All harvested 

bulbs were topped, trimmed, and visually assessed for damage characteristic of D. dipsaci and 

separated into five categories based on the damage to the basal plate as in Figure 2.3 where 0 

equals no damage, 1) less than 25% basal plate damaged, 2) 25-50% basal plate damaged, 3) 

greater than 50% basal plate damaged, and 4) totally desiccated bulb.  The number and weight of 

bulbs in each category were recorded. These data were used to calculate a disease severity index 

(DSI) using the formula below (Kobringer & Hagedorn, 1987).  

 

DSI = 

∑ [(class #) (# of bulbs in each class)] x 100 

(total # of bulbs per sample) (# of classes-1) 

 

 

 
Figure 2.3:  Symptom of basal plate damage and foliar yellowing on garlic cv. ‘Music’. 



50 

 

Yield was assessed on the harvested bulbs.  Marketable bulbs were categorized as bulbs 

with a rating of 0 and 1.  The total yield, marketable yield and percentage of bulb distribution 

were calculated.  

Nematode population densities in soil were estimated at harvest.  Soil samples were a 

composite of eight soil cores (2.5 cm diameter, 5-7cm deep) from the rhizosphere in each 

treatment row.  The soil samples were kept at a temperature of 40C prior to extraction of 

nematodes.  Samples were thoroughly mixed to ensure that subsamples were uniform and 

representative. Nematodes were extracted from sub-samples of 200 grams of soil using a 

modified centrifugal-sugar floatation method (Jenkins, 1964). Two hundred grams of soil were 

placed in a two litre plastic bucket and filled to about one litre with tap water. A metal spatula 

was used to thoroughly stir soil and water in the bucket.  The mixture was allowed to stand for 

30 seconds and then decanted through a 400- mesh sieve nested on top of a 500-sieve. The soil 

residue from the 500-sieve was washed into a 50 mL centrifuge tube and centrifuge at 1700 rpm 

for four minutes.  The supernatant was carefully poured off and replaced with a sugar solution.  

The sugar solution was made by dissolving 454-grams of sugar in 800 mL of water. The solution 

and the pellet were thoroughly mixed with a vortex mixer (Fisher Scientific, USA), and then 

centrifuged at 1700 rpm for one minute. The sugar solution with the nematode suspension was 

decanted through a 500-mesh sieve, and rinsed under running tap water to remove sugar residue. 

The nematodes were rinsed into a 50 mL tube.  Sterile distilled water was used to bring the 

volume to 50 mL. The tubes containing the nematode suspension were allowed to stand for three 

hours, then gently shaken to mix the sample and 1 mL of the sample was withdrawn. The 

number of nematodes was counted using a gridded petri dish mounted under a dissecting 

microscope by placing 1 mL of the solution into the gridded petri dish.  
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In Ontario, soil nematode population is reported as nematodes/kg of dry soil. Due to the 

nature of the centrifugal-sugar flotation method nematode population may be expressed at cm3 or 

grams of soil, thus, a conversion factor is needed to allow for comparison with reporting 

thresholds used in Ontario. To calculate, the conversion factor, four sub-samples each of 200 

grams of muck and mineral soils were oven dried at 700C until constant weight was reached. The 

average weight was used to determine the conversion factor needed to report nematode 

population density to nematodes/kg of soil. The conversion factors used were 14.99250 and 

10.38421 for muck and mineral soil respectively. 

The nematode numbers in bulb tissue were also assessed. Ten grams of bulb material 

were taken from symptomatic bulbs and analyzed for stem and bulb nematode using the 

Oostenbrink dish extraction method. The garlic cloves were cut into 1-2 cm pieces and spread 

evenly onto laboratory tissue paper overlaid on a plastic mesh sieve (~ 2mm). The tissue paper 

was secured by folding, the sieve was then placed in a shallow plastic dish. Tap water was added 

to the dish to level of sieve, taking care not to cover the plant tissue, and incubated for 48 hours 

at room temperature. At the end of the incubation period, the nematode suspension was filtered 

through a 500-mesh size sieve. The contents on the sieve were rinsed into a 50-mL centrifuge 

tube, and distilled water added bringing the final volume up to 50-mL. To minimize 

contamination between samples the sieve was disinfected with warm soapy water containing 

10% bleach, and then thoroughly rinsed under running water. The tubes containing the nematode 

suspension were allowed to stand for three hours, then gently shaken to mix the sample and 1 mL 

of the sample was withdrawn. The number of nematodes was counted using a gridded petri dish 

mounted under a dissecting microscope by placing 1 mL of the solution into the gridded petri 

dish. 
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During the cropping seasons weather data was collected for the field site located at the 

Muck Crops Research Station, but not those located near Cookstown. In 2017, the air 

temperatures were below the long term (10 year) average for May (11.80C), average for June 

(18.10C) and July (20.70C). The 10-year average temperatures were: May 14.10C, June 18.70C 

and July 21.00C. Monthly rainfall was above the 10-year average for May (120 mm) and June 

(206 mm) and below average for July (70 mm). The 10-year rainfall averages were: May 66 mm, 

June 83 mm and July 92mm.  In 2018, the air temperatures were above the long term (10 year) 

average for May (15.80C), and average for June (18.40C) and July (22.00C). The 10-year average 

temperatures were: May 13.90C, June 18.60C, and July 21.20C. Monthly rainfall was average for 

May (82 mm) and July (104 mm) and below average for June (59 mm). The 10-year rainfall 

averages were: May 74 mm, June 101 mm and July 97 mm. 

2.1.5 Statistical analysis 

Data were analyzed using the Analysis of Variance (PROC GLIMMIX) with SAS 

version 9.4 (SAS Institute, Cary, NC). The normality of residuals was tested with the Shapiro-

Wilk test, and distribution of errors was determined by residual plots. Data were pooled across 

locations when factorial analysis of variance showed no location effect.  The fixed effects were 

location and treatment; blocks within location was set as a random effect. Means separation was 

obtained using Tukey-Kramer multiple mean comparison test at P = 0.05 level of significance. 

Correlation analysis (PROC CORR) was used to compare soil nematode counts with disease 

incidence (foliar symptoms) and disease severity index (bulbs). Plant growth parameter 

measurements, marketable yields, disease incidence, and disease severity index were analyzed 

using ANOVA to determine statistically significant interactions among the treatments for the two 
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different years.  The same method was used to determine statistically significant differences 

among the infestation levels used for the 2017/2108 growing season.  

2.2 Results 

In 2016/17, no interaction was observed between soil type x treatment for plant emergence. 

There was no effect of soil type, and a significant treatment effect (p= <0.0001) (Table A1.6). In 

muck soil, the greatest reduction in plant emergence occurred in the nano-formulated abamectin 

treatment applied as a four-hour soak, compared to the clean and untreated checks respectively.  

In mineral soil, the greatest reductions in plant emergence were observed in the fluensulfone and 

thyme oil soak treatments (Table 2.3). In 2017/18, the ANOVA results showed that there were 

no significant effects of treatment, infestation level, or the interactions of infestation level x soil 

type, treatment x soil type, and treatment x infestation. Similarly, second order interaction of 

treatment x infestation level x soil type was not significant for emergence. By contrast, there was 

an effect of soil type (location) on plant emergence (p= <0.0001) (Table A1.15).  Data from the 

two different soil types are reported separately to allow comparisons with the first year of results. 

Stand counts, as an indication of survival, varied among treatments (p= <0.0001), soil type 

(p= <0.0001) and there was a soil type x treatment interaction (p = <0.0001) (Table A1.7).  

Treatment means ranged from 36 to 97% on muck soil and 22 to 88% on mineral soil (Table 

2.3). In 2017/18, there were significant differences in treatment (p=0.0033) and soil type 

(p=<0.0001). The mean stand counts over all treatments were 83 and 93% for muck and mineral 

soil respectively. Differences in stand counts among treatments were found at both locations 

(Tables 2.4).  All fluopyram soak treatments increased garlic stand counts compared with the 

untreated control.  Stand counts in abamectin and thyme oil treatments were not different from 
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the untreated control (Table 2.4).  Differences among treatments became greater as the season 

progressed. 

 Infestation level did not affect stand counts and there were no interactions of infestation 

level x soil type, treatment x soil type, and treatment x infestation level were not significant. 

Similarly, the second order interaction of treatment x infestation level x soil type was not 

significant for stand counts. (Table A1.16). 

Plant height was affected by treatment (p=<0.0001) and soil type p=<0.0022) were 

significant for both years (Table A1.8 and Table A1.17). There was no treatment x soil type 

interaction for either year. Similarly, infestation level x soil type, treatment x infestation level, 

and second order interaction treatment x soil type x infestation level were not significant for final 

plant height in 2017/2018 cropping period (Table A1.17). Differences in plant height were 

observed among the treatments and between locations in both years. In 2017, plant heights 

ranged 63.9 to 84.7 cm on muck soil, and 66.8 to 90.4 cm on mineral soil. Plant heights were 

greatest in fluopyram and abamectin treated plots and lowest for fluensulfone and untreated 

garlic on muck and mineral soil respectively (Table 2.3).  On 28 June 2018, garlic in the 

fluopyram drench treatment were taller than all other treatments except abamectin (Table 2.4). 

On muck soil, there was no statistical difference in plant heights between the untreated garlic 

compared with clean seed and thyme oil treatments. On mineral soil, the fluopyram soak 

treatment performed best and was different from most other treatments including the abamectin 

drench, clean seed and thyme oil.  

In 2018, plant heights ranged from 71.3 to 85.1 cm on muck soil, and 69.8 to 84.2 cm on 

mineral soil. In muck soil, fluopyram and abamectin treated plants were tallest compared with 
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the other treatments. On mineral soil, only the fluopyram soak resulted in plants that were taller 

than the untreated check.  (Table 2.4). 

 

Table 2.3: Percent emergence, survival and final plant height for garlic cv. ‘Music’ grown on 

muck and mineral soil, southwestern Ontario, 2016/17. 

Product Application 

Method1 

Emergence (%) Survival (%) Plant height (cm)  

Muck Mineral Muck  Mineral Muck Mineral 

Abamectin* S 80 d2 80 cd 35 e 58.4 cde 71.4 b-e 82.1 bcd 

Fluopyram SD 87 c 92 ab 74 abc 77.5 abc 83.1 a 85.6 abc 

Thyme oil S 87 c 78 d 45 de 30.8 f 67.5 de 72.6 de 

Untreated seed -- 88 c 88 b 36 e 22 f 69.4 cde 66.8 e 

Abamectin* D 88 c 92 ab 52 cde 41 de 69.0 cde 68.7 e 

Aluminum 

phosphide 

SF 88 c 93 ab 47 de 35 ef 71.2 b-e 74.6 cde 

Fluensulfone S 88 c 76 d 37 e 63 bcd 63.9 e 69.5 e 

Thyme oil D 90 bc 86 cd 48 de 32 f 70.7 cde 70.6 e 

Abamectin S 93 a 89 ab 67 bcd 83 abc 78.0 a-d 83.1 a-d 

fluopyram S 95 a 92 ab 89 ab 87 ab 81.6 abc 90. 2 ab 

Clean seed -- 97 a 97 a 73 abc 88 a 75.3 a-d 70.3 e 

Fluopyram D 97 a 87 bc 97 a 83 abc 84.7 a 94.0 a 

1 D = drench, S = soak, SD = soak+drench and SF = seed fumigant 
2 Numbers in a column followed by the same letter are not significantly different at P = 0.05, Tukey’s Test 
 * Nano-formulated abamectin  
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Table 2.4: Percent emergence, survival and final plant height for garlic cv. ‘Music’ grown on 

muck and mineral soil, southwestern Ontario, 2017/18. 

Product Application 

Method1 

Emergence (%) Survival (%) Plant height (cm)  

Muck Mineral Muck  Mineral Muck Mineral 

Clean seed -- 90ns 96ns 91 ab2 95 ab 74.4 bc 74.0 b 

Abamectin D ---  92 --- 91 ab --- 69.8 b 

Abamectin* D --- 95 --- 93 ab --- 73.0 b 

Thyme oil D 93 94 93 ab 93 ab 76.3 bc 70.3 b 

Thyme oil S 93 89 85 ab 87 b 75.5 bc 76.6 ab 

Abamectin* S 94 96 91 ab 94 ab 80.9 ab 77.9 ab 

Fluopyram D 95 97 93 ab 96 ab 85.1 a 77.9 ab 

Clean seed+fluopyram D 95 92 94 ab 90 ab 79.2 ab 78.0 b 

Abamectin S 95 97 91 ab 97 ab 77.2 b 77.9 ab 

Untreated seed -- 96 91 83 b 89 ab 71.3 c 71.2 b 

Fluopyram S 96 98 95 a 98 a 80.8 ab 84.2 a 

Fluopyram SD 99 97  100 a 96 ab 80.2 ab 78.0 ab 

1 D = drench, S = soak, SD = soak+drench  
2 Numbers in a column followed by the same letter are not significantly different at P = 0.05, Tukey’s Test 
* Nano- formulated abamectin  
---Treatments not included on muck soil 
nsNot significant 

 

Leaf yellowing (chlorosis) and stem bloating symptoms of D. dipsaci infection were first 

observed in plots on 6 June 2017, and 8 June 2018.  In both years, and at both locations the 

incidence of D. Dipsaci symptoms developed slowly and the number of symptomatic plants 

continued to increase until the final assessment (Table 2.5 & Table 2.6).  By the end of June 

2017, 100% of plants in untreated check in the mineral soil site and over 75% of plants on the 

muck soil site had completely collapsed, while greater than 80% of plants in the fluopyram 

treated plots remained healthy until harvest (Table 2.5).   
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In 2018, the incidence of D. Dipsaci damage increased over time (Table 2.6).  Incidence 

on mineral soil was consistently lower than on muck soil, with the exception of fluopyram soak 

+ drench treatment which reached 41% and 0%, respectively, on 28 June 2018 (Table 2.6). There 

was no effect of clove infestation on incidence of D. Dipsaci damage (Tables A1.18, A1.19 and 

A1.20).  

Table 2.5: Incidence of parasitism by Ditylenchus dipsaci on of garlic, cv. ‘Music’, grown on 

two soil types at three time points following treatment with various products, Southern Ontario, 

2016/17. 

Product 

Application 

method1 

Incidence 

Muck soil Mineral soil 

6 June 20 June 27 June 6 June 20 June 27 June 

Fluopyram  D 0.0 c2 8.6 e 12.9 d 0.0 c 0.0 b 1.0 e 

Fluopyram S 3.7 c 3.7 e 8.4 d 1.0 c 1.9 b 11.1 de 

Fluopyram SD 4.8 c 20.9 e 32.2 cd 5.3 bc 10.7 b 17.7 cde 

Abamectin  S 7.7 c 43.6 a-d 53.1 abc 0.9 c 11.3 b 40.6 cde 

Clean seed  -- 8.2 c 32.3 cde 48.9 bc 0.9 c 10.2 b 28.0 cde 

Thyme oil D 12.6 bc 40.0 bcd 58.0 abc 22.8 ab 76.8 a 95.8 a 

Thyme oil S 20.0 abc 63.0 ab 85.5 a 19.0 abc 85.5 a 100.0 a 

Fluensulfone S 21.1 abc 63.7 ab 75.0 ab 1.3 c 22.1 b 54.3 ab 

Abamectin* D 21.6 abc 43.8 a-d 64.4 ab 15.0 abc 75.7 a 90.5 a 

Untreated seed -- 32.0 ab 57.3 abc 76.0 ab 31.8 a 84.3 a 100.0 a 

Aluminum 

phosphide 
SF 35.5 a 54.0 abc 72.4 ab 14.4 abc 86.5 a 93.5 a 

Abamectin* S 37.0 a 71.6 a 78.6 ab 6.3 bc 23.9 b 61.87 abc 

1 D = drench, S = soak, SD = soak +drench and SF = seed fumigant 
2 Numbers in a column followed by the same letter are not significantly different at P = 0.05, 

Tukey’s Test. 
* Nano-formulated abamectin  

Infestation level of seed cloves 832 nematodes gram-1 
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Table 2.6: Incidence of parasitism by Ditylenchus dipsaci on of garlic, cv. ‘Music’, grown on two soil types at three time points 

following treatment with various products, Southern Ontario, 2017/18. 

 

Product 

 

Application 

method1 

Incidence 

Muck soil Mineral soil 

8 June 15 June 28 June 8 June 15 June 28 June 

Fluopyram SD 0.0 c2 0.0 b 0.0 c 9.3 cde 24.9 bcd 41.4 bcd 

Fluopyram D 1.5 c 3.1 b 14.8 bc 3.2 de 13.9 cd 29.5 cd 

Clean seed+fluopyram D 4.5 c 10.7 b 18.8 bc 22.9 bcd 40.4 b 50.9 abc 

Fluopyram S 4.6 c 15.4 b 28.8 b 0.8 e 7.6 cd 16.9 d 

Thyme oil D 41.8 b 62.5 a 79.1 a 26.4 bc 36.6 b 59.0 abc 

Abamectin* S 45.3 b 68.7 a 89.0 a 29.2 abc 30.3 bcd 42.6 bcd 

Abamectin S 46.89 b 71.6 a 83.2 a 15.6 b-e 32.9 bc 38.1 bcd 

Thyme oil S 50.1 ab 64.4 a 85.0 a 29.3 abc 38.5 b 44.8 bcd 

Clean seed -- 54.6 ab 72.3 a 93.1 a 35.0 ab 39.5 b 45.5 bcd 

Untreated seed -- 70.2 b 76.3 a 92.5 a 49.0 a 68.8 a 79.8 a 

Abamectin D --- --- --- 31.0 abc 42.8 ab 57.3 abc 

Abamectin* D --- --- --- 29.2 abc 47.2 ab 65.9 ab 

1 D = drench, S = soak, SD = soak +drench  
2 Numbers in a column followed by the same letter are not significantly different at P = 0.05, Tukey’s Test. 
* Nano-formulated abamectin  
--- Treatments not included on muck soil 

No difference between seed clove infestation level (low = 114 and moderate 172 nematode gram-1).  
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There was a treatment x location interaction for bulb DSI for both years (p= <0.0001) 

2016/17 and (p= <0.0001) 2017/18. In 2016/17, differences were observed in bulb DSI between 

soil types (p= <0.0001) and among treatments (p = <0.0001).  Similarly, in 2017/18, differences 

in bulb DSI were observed between soil types (p= <0.0001), and among treatments (p=<0.0001). 

Bulbs grown on muck soil showed a pattern of higher bulb damage than bulbs on mineral soil.  

The highest DSI ratings were found in untreated plots, and the lowest in those treatments 

containing fluopyram. In the 2017/2018 trial there was no infestation level x treatment 

interaction (p= 0.3162), and no differences in infestation level. There were differences among the 

treatments at both locations (Table 2.8).  Thyme oil as a soak had lower DSI than the untreated 

check.  On both muck and mineral soil, thyme oil drench treatment with low seed clove 

infestation was not significant compared with untreated seed cloves (Table 2.9). On muck soil, 

fluopyram treatments were different compared with all other treatments. On mineral soil, no 

difference was seen between fluopyram treatments and clean seed and abamectin formulations 

(Table 2.9). 

There was a treatment x soil type interaction between sites for total and marketable 

yields.  Significant differences in total and marketable yields were found among the treatments at 

both sites.  In 2017 total yield of garlic grown in mineral soil was 26% higher than muck soil. 

However, garlic grown in muck soil produced higher marketable yields compared to those grown 

on mineral soil (Table 2.7). All treatments containing fluopyram resulted in significantly higher 

marketable yields than the other treatments including the clean seed. Total yield for clean seed 

grown in mineral soil was 10% less than in muck soil. Conversely, marketable yields of clean 

seeds were 63% and 23% for muck and mineral soil, respectively. Similarly, untreated seeds 
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resulted in zero and low marketable yield on mineral and muck soil respectively.  On the mineral 

soil, no marketable yields were obtained for aluminum phosphide, flufensulfone, thyme oil, and 

nano-formulated abamectin because all plants died before harvest (Table 2.7). 

In 2018, the fixed effects of treatment, soil type, infestation level, treatment x soil type, 

and treatment x infestation level were significant for marketable yield (Table A1.22). The 

minimum percentage marketable yield increased in treated plots compared with the untreated 

check, and ranged from 47 % to 60% for mineral and muck soil respectively (Table 2.8).  In 

comparison with the untreated control, the highest average marketable yields were observed in 

the fluopyram treated plots, with 1391 g-1 plot and 1246 g-1 plot for mineral and muck soil 

respectively, with the highest yield in any location being for fluopyram applied as a soak and 

drench.  At both locations the untreated control had high yield loss.  Similarly planting 

nematode-free (clean) bulbs in infested fields (muck soil) resulted in a reduction in yield of 62% 

compared with 1% yield loss in the nematode free field (mineral soil).   

Marketable yield was affected by seed clove infestation levels (Table 2.9).   In muck soil, 

fluopyram treatments had significantly higher marketable yields compared with all other 

treatments.  Seed cloves with low infestation levels which were treated with a four-hour soak of 

nano-formulated abamacetin produced significantly higher marketable yields compared with 

untreated seed cloves and thyme oil soak treatments.  By contrast, there was no difference 

between nano-formulated abamectin cloves with high seed clove infestation compared with 

thyme oil drench and untreated treatments (Table 2.9).
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Table 2.7: Mean disease severity index (DSI) of stem and bulb nematode (Ditylenchus dipsaci) and yields for garlic cv. ‘Music’ 

following treatments in field trials at two locations in Southern Ontario, 2016/17. 

1 D = drench, S = soak, SD = soak + drench and SF = seed fumigant.   
2Disease severity index (DSI) was calculated using the following equation: 

DSI= 

∑ [(class no.) (no. bulbs in each class)] 
x 

100 
(total no. of bulbs per sample) (no. of classes – 

1) 
3Marketable yield comprised of bulbs in the 0 and 1 damage categories.  
4 Numbers in a column followed by the same letter are not significantly different at P = 0.05, Tukey’s Test. 
* Nano-formulated abamectin 

 

Product 
Application 

method1 

DSI2 Total yield (g/plot) Marketable yield3 

(g/plot) 

Percent marketable 

yield (%) 

Mineral Muck Mineral Muck Mineral Muck Mineral Muck 

Fluopyram D 43.4 d4 11.7 c 1642.2 a 1033.6 a 870.9 a 1002.6 a 49 a 97 a 

Fluopyram S 64.1 bc 13.9 c 1518.3 a 1006.4 a 457.2 b 912.6 b 25 b 90 a 

Fluopyram SD 70.6 bcd 24.2 c 1271.4 ab 765.6 ab 399.5 b 585.4 c 24 b 79 ab 

Clean seed -- 88.4 abc 53.2 b 572.6 cd 637.9 b 133.4 c 400.0 d 8 b 60 bc 

Abamectin S 84.4 abc 65.5 ab 846.4 bc 408.0 cd 78.0 c 184.0 de 12b 39 cd 

Fluensulfone S 90.2 abc 69.4 ab 492.1 cd 165.8 de 0.0 c 30.3 e 0 c 32 de 

Abamectin* S 95.6 ab 71.7 ab 458.6 cd 131.9 e 0.0 c 54.4 e 0 c 13 ef 

Abamectin* D 99.2 a 82.2 a 104.9 d 222.3 de 0.0 c 36.4 e 0 c 27 def 

Aluminum phosphide SF 98.4 a 72.4 ab 110.3 d 266.5 de 0.0 c 94.2 e 0 c 34 de 

Thyme oil D 98.8 a 80.5 a 104.4 d 309.3 de 0.0 c 8.3 e 0 c 12 ef 

Thyme oil S 100.0 a 87.3a 42.9 d 176.5 de 0.0 c 41.8 e 0 c 6 f 

Untreated seed -- 100.0 a 76.4 ab 33.2 d 215.2 de 0.0 c 55.4 e 0 c 21 def 
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Table 2.8: Mean yields and bulb disease severity index (DSI) due to parasitism by Ditylenchus dipsaci on of garlic, cv. ‘Music’, grown 

on two soil types at three time points following treatment with various products, Southern Ontario, 2017/18. 

 

Product 

Application 

method1 

DSI2 Total yield (g/plot) Marketable yield 

(g/plot)3 

Percent marketable 

yield (%) 

Mineral Muck Mineral Muck Mineral Muck Mineral Muck 

Fluopyram S 6.2 d4 15.4e 1714.4 a 1321.2 ab 1690.6 a 1159.4 a 99 a 88 a 

Fluopyram D 9.2 d 14.5 e 1448.8 abc 1506.3a 1395.6 ab 1310.0 a 96 a 87 a 

Clean seed -- 10.3 d 61.9 bc 995.0 c 562.5 d 983.8 bc 205.0 bc 99 a 36 bc 

Abamectin* S 11.2 d 39.1 d 1553.8 ab 938.7 bc 1451.2 ab 570.0 b 94 ab 61 b 

Abamectin S 11.3 d 55.3 cd 1442.5 abc 693.9 c 1370.0 ab 265.7 bc 95 ab 38 bc 

Fluopyram SD 11.8 cd 4.0 e 1476.3 abc 1321.5 ab 1448.8 ab 1290.0 a 98 a 98 a 

Clean seed+fluopyram D 13.2 cd 8.0 e 1153.8 bc 1275.0 ab 1110.0 bc 1223.7 a 96 a 96 a 

Abamectin D 21.6 cd --- 1143.8 bc --- 941.3 bc --- 82 bc --- 

Thyme oil S 22.9 cd 52.0 cd 1331.3 abc 621.1 cd 1050.0 bc 324.0 bc 79 bc 520 bc 

Abamectin* D 33.4 bc --- 1197.5 bc --- 768.8 cd --- 64 cd --- 

Thyme oil D 50.1 ab 76.4 ab 1222.5 bc 585.0 cd 603.8 cd 107.5 c 49 cd 18 c 

Untreated seed -- 56.7 a 83.4 a 1078.1 c 320.6 d 351.9 d  36 c 33 d 11 d 
1 D = drench, S = soak and SD = soak + drench. 
2Disease severity index (DSI) was calculated using the following equation: 

DSI= 

∑ [(class no.) (no. bulbs in each class)] 
x 

100 
(total no. of bulbs per sample) (no. of classes – 

1) 
3Marketable yield comprised of bulbs in the 0 and 1 damage categories.  
4 Numbers in a column followed by the same letter are not significantly different at P = 0.05, Tukey’s Test. 
* Nano-formulated abamectin 
--- Treatments not included on muck soil 

Means are the values of combined infestation
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Table 2.9: Mean disease severity index (DSI) and marketable yields of garlic cv. ‘Music’, as 

influenced by level of clove infestation and treatment, grown on muck and mineral soils in 

Southern Ontario, 2017/18. 

Product Application 

method1 

Infestation 

level2 

DSI 

 

Marketable yield 

(g/plot)3 

Muck Mineral Muck Mineral 

Fluopyram SD Low  4.0 f4 11.8 cd 1290.0 a 1448.8 ab 

Abamectin* D Moderate --- 33.4 bc ---   768.8 c-f 

Abamectin D Moderate --- 21.7 cd ---   941.3 b-e 

Clean seed+Fluopyram D No  8.0 f 13.2 cd 1223.8 a 1110.0 bcd 

Fluopyram D Low  9.5 f   8.9 d 1437.5 a 1490.0 ab 

Fluopyram S Low 14.8 f   3.1 d 1251.3 a 1885.0 a 

Fluopyram S Moderate 16.1 f   9.2 d 1067.5 a 1496.3 ab 

Fluopyram D Moderate 19.6 ef   9.4 d 1182.5 a 1301.3 abc 

Abamectin* S Low 39.1 de 11.2 cd   570.0 b 1451.3 ab 

Abamectin S Low 51.3 cd 13.3 cd   296.3 bc 1323.8 abc 

Thyme oil S Low 52.0 cd 22.9 cd   324.0 bc 1050.0 bcd 

Abamectin S Moderate 59.7 bc  9.3 d   235.3 bc 1416.3 ab 

Clean seed -- No 61.8 bc 10.3 d   205.0 bc   983.8 b-e 

Thyme oil  D Low 76.4 ab 50.1ab   107.5 c   603.8 def 

Untreated seed -- Low 82.6 a 50.6 ab     43.8 c   445.0 ef 

Untreated seed -- Moderate 84.4 a 62.8 a     27.5 c   258.8 f 

1 S = soak, D = drench and SD = soak+drench 
2Low = 114 nematodes/ gram, Moderate = 172 nematodes/gram and No = nematode free 
3Marketable yield comprised of bulbs in the 0 and 1 damage categories.  
4 Numbers in a column followed by the same letter are not significantly different at P = 0.05, 

Tukey’s Test. 
* Nano-formulated abamectin 
---Treatments not included on muck soil 

 

In 2016/2017, fluopyram applied as a seed soak or soil drench resulted in the greatest 

reduction in nematode numbers. Clean seed also had low numbers of nematodes, while seed 
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treatment with thyme oil, and soil treatment with nano-formulated abamectin had no effect on 

nematode populations (Table 2.10). The low level of nematode populations in the untreated plot 

might be attributed to the death of plants in those plots and subsequent migration of the 

nematodes to adjacent treatment plots.  In 2017/2018, nematode numbers recovered from plant 

tissue were highest from the untreated control (435 nematodes g-1) and the abamectin in-furrow 

drench (875 nematodes g-1) for muck and mineral soil respectively.  Nematode recovery from 

soil was highest for the thyme oil soak treatment (4664 nematodes kg-1) and untreated (3996 

nematodes kg-1) in muck and mineral soils respectively (Table 2.11). In muck soil, fluopyram 

applied as an in-furrow drench significantly suppressed nematode population compared with 

abamectin, thyme oil, clean seed and the untreated check. In mineral soil, fluopyram as a drench, 

a soak and drench, and abamectin as a soak had lower nematode recovery than the untreated 

check. (Table 2.11). Treatment x infestation was not significant for nematode recovery from 

plant tissue (p = 0.3822) or soil (p = 0.9043).  Notwithstanding, to better understand the effect of 

initial population on final population an ANOVA was done based on soil type (Table 2.12). On 

muck soil, final population for untreated low was 262 nematodes g-1plant tissue, and 3353 

nematodes kg-1 dry soil, and untreated high was 608 nematodes g-1 plant tissue and 2682 

nematode kg-1 dry soil. A slightly different trend was observed in mineral soil, untreated low was 

703 nematodes g-1plant tissue, and 3090 nematodes kg-1 dry soil, and untreated high was 486 

nematodes g-1 plant tissue and 4893 nematode kg-1 dry soil (Table 2.12). In both muck and 

mineral soils, there was no difference in final bulb infestation in clean seed compared with 

untreated cloves. 

At harvest, there was a positive correlation between numbers of nematodes Kg-1 dry soil 

and DSI on garlic grown on muck soil (r =0.42, p=0.003, 2017 and r = 0.5, p= <0.0001, 2018) 
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indicating that as numbers of D. dipsaci in soil increased, bulb DSI increased. Similarly, a 

positive correlation was observed between numbers of D. dipsaci in soil and incidence (r =0.29, 

p = 0.04, 2017 and r = 0.66, p= <0.0001, 2018). These results were similar to those obtained on 

mineral soil (r =0.35, p =0.014, 2017 and r= 0.44, p= 0.0003, 2018) and (r = 0.76, p= <0.0001, 

2017 and r= 0.40 p = <0.0001, 2018) for correlation between nematode kg-1dry soil and DSI and 

incidence respectively. 
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Table 2.10: Mean stem and bulb nematode (Ditylenchus dipsaci) extracted from ten grams of 

asymptomatic garlic bulbs and 200 grams of muck and mineral soils from garlic trials in 

Southern Ontario, 2016/17. 

 1D = drench, S = soak, SD = soak +drench and SF = seed fumigant 
2 Numbers in a column followed by the same letter are not significantly different at P = 0.05, 

Tukey’s Test. 
3Means are transformed from 200 grams to a kg of soil using a conversion factor of 14.9 and 

10.3 for muck and mineral soil respectively. 
*Nano-formulated abamectin 
--All plants died before harvest. 

  

Product 
Application 

method1 

Nematode recovery 

Muck soil Mineral soil 

Plant tissue 
Soil3 

 
Plant tissue Soil 

Fluopyram D 3 c2 174 f 16 c 628 e 

Clean seed -- 126 bc 2467 def 102 bc 4715 de 

Thyme oil S 222 bc 9562 b -- 20422 a 

Fluopyram S 276 bc 389 ef 81 bc 1661 e 

Abamectin S 319 bc 1736 def 342 a 11188 c 

Untreated seed -- 381 bc 4497 cd -- 9102 cd 

Thyme oil D 404 bc 4091d 208 abc 16712 ab 

Fluopyram SD 444 bc 7224 bc 114 abc 1385 e 

Abamectin* S 493 bc 3209 de -- 12782 bc 

Aluminum 

phosphide 

SF 
549 bc 4455 cd 251 ab 20924 a 

Fluensulfone S 1011ab 2321 def 225 abc 5160 de 

Abamectin* D 1813 a 18340 a 275 ab 21159 a 
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Table 2.11: Mean stem and bulb nematode (Ditylenchus dipsaci) extracted from ten grams of 

asymptomatic garlic bulbs and 200 grams of muck and mineral soils from garlic trials in 

Southern Ontario, 2017/18. 

Active ingredient 
Application 

method1 

Nematode recovery 

Muck soil Mineral soil 

Plant tissue Soil3 Plant tissue Soil 

Fluopyram D 4 b2 373 d 1 d 373 d 

Fluopyram S 4 b 1028 cd 12 d 1024 cd 

Clean seed+fluopyram D 9 b 566 cd 50 d 559 cd 

Fluopyram SD 10 b 566 cd 11 d 559 cd 

Abamectin* S 81 ab 2980 abc 338 bcd 1030 cd 

Abamectin S 89 ab 2146 bc 356 bcd 2142 bc 

Thyme oil S 106 ab 4664 a 394 bcd 4656 a 

Clean seed -- 111 ab 1684 bcd 128 cd 1676 bcd 

Thyme oil D 178 ab 2980 abc 713 ab 2980 abc 

Untreated seed -- 435 a 3025 ab 594 ab 3017 ab 

Abamectin* D --- --- 581 abc 2980 abc 

Abamectin D --- --- 875 a  1421 cd 

1 D = drench, S = soak, and SD = soak+drench  
2 Numbers in a column followed by the same letter are not significantly different at P = 0.05, 

Tukey’s Test. 
3Means are transformed from 200 grams to a kg of soil using a conversion factor of 14.9 and 

10.3 for muck and mineral soil respectively. 
*Nano-formulated abamectin 
---Treatments not included on muck soil 

  



68 

 

Table 2.12: The effect of initial seed clove infestation on mean stem and bulb nematode 

(Ditylenchus dipsaci) extracted from ten grams of asymptomatic garlic bulbs and 200 grams of 

muck and mineral soils from garlic trials in Southern Ontario, 2017/18. 

Active ingredient 

Application 

method1 Infestation 

level2 

Nematode recovery 

Muck soil Mineral soil 

Plant 

tissue 
Soil3 Plant 

tissue 
Soil 

Fluopyram D Low 3 b4 560 cd 1 d 515 b 

Fluopyram S Low 4 b 1118 bcd 11 d 639 b 

Fluopyram S Moderate 5 b 933 bcd 14 d 2833 ab 

Fluopyram D Moderate 5 b 188 d 1 d 515 b 

Clean seed+fluopyram D No 9 b 596 cd 50 d 639 b 

Fluopyram SD Low 10 b 560 cd 11 d 515 b 

Abamectin S Moderate 54 b 2980 abc 235 bcd 1545 b 

Abamectin* S Low 81 b 2980 abc 338 bcd 1030 b 

Thyme oil S Low 106 b 4658 a 394 a-d 2318 ab 

Clean seed -- No 111 b 1675 bcd 128 cd 2441 ab 

Abamectin S Low 125 b 1305 bcd 476 a-d 1288 b 

Thyme oil D Low 178 ab 2980 abc 713 ab 2833 ab 

Untreated seed -- Low 263 ab 3353 ab 703 ab 3090 ab 

Untreated seed -- Moderate 608 a 2682 a-d 486 a-d 4893 a 

Abamectin D Moderate --- --- 875 a 1411 b 

Abamectin* D Moderate --- --- 582 abc 2575 ab 

1 S = soak, D = drench and SD = soak + drench 
2Low = 114 nematodes/ gram, Moderate = 172 nematodes/gram and No = nematode free 
3Means are transformed from 200 grams to a kg of soil using a conversion factor of 14.9 and 

10.3 for muck and mineral soil respectively. 
4 Numbers in a column followed by the same letter are not significantly different at P = 0.05, 

Tukey’s Test 
*Nano-formulated abamectin 
---Treatments not included on muck soil 
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2.3 Discussion 

 

Several chemical products were identified that suppressed D. dipsaci populations and 

promoted garlic growth and yield. Fluopyram (Velum Prime®), a broad-spectrum fungicide and 

nematicide which acts through contact and ingestion, showed exceptional potential as a 

nematicide.  This product is currently registered for use on potatoes in Canada and the 

information presented here may be useful in supporting minor use label additions for this product 

on garlic. 

The present series of field trials emphasize the importance of both seed-borne and soil-

borne inoculum of D. dipsaci in establishing the disease on both muck and mineral soils. 

Untreated infested seed cloves suffered high levels of damage when grown in infested or 

nematode free soil. Another consequence of using infested planting material is the infestation of 

new fields.  According to Siti et al (1982), inoculum left in the field after planting infested garlic 

cloves is sufficient to cause complete destruction of untreated plants, and minimize the efficacy 

of moderately effective products in the following year.  

 The products and application techniques tested varied in efficacy against D. dipsaci in 

garlic. Fluopyram was the only product that was effective when heavily infested seed cloves 

were used as planting material. Abamectin seed soak treatments did not provide complete disease 

control. Abamectin slowed the development of visual symptoms, but resulted in moderate to 

high yield losses. Since all treatments were applied either before or at planting, persistence of the 

treatments is an important factor in the management of a polycyclic endoparasite such as D. 

dipsaci.  For soil applied treatments, factors such as depth of distribution of the pathogen, depth 

that the product can penetrate the soil, and soil texture are also important (Oka et al, 2013; 

Yamashita & Viglierchio, 1987).   
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Our results show that the four-hour soak with fluensulfone did not reduce D. dipsaci 

infection in garlic, although nematode counts tended to be numerically lower compared with the 

untreated control. These results are consistent with those of Oka (2014) who used in vitro 

experiments to demonstrate the tolerance of D. dipsaci to flufensulfone.  The low nematode 

count might also be due to the fact that most plots treated with flufensulfone had severely 

damaged or dead plants by harvest. The nematodes may have left the dead plants and migrated to 

nearby plots with living, healthy plant material. Other researchers have also reported a reduction 

in nematode recovery from plots containing large proportions of severely damaged or dead 

plants (Webster, 1964). 

Seed soaks tended to be more effective than soil applications of abamectin, which were 

ineffective in controlling D. dipsaci. These results are comparable with those of other researchers 

who found that seed soaks of abamectin at concentrations of up to 19g L-1 was effective at 

controlling D. dipsaci on garlic (Becker, 1999; Celetti et al, 2013; McDonald & Vander Koi, 

2016). No phytotoxicity was observed on plants treated with abamectin soaks. The effectiveness 

of seed soak applications of abamectin for controlling D. dipsaci was confirmed in the second 

repetition of the trial (2017/18), in which both seed soaks and drench applications were 

evaluated. Abamectin soak treatments resulted in a reduction of nematode infection symptoms, 

bulb DSI, and a consequent increase in both total and marketable yields. Collectively, data from 

these studies confirm that soil treatments of abamectin were not effective in controlling the 

nematode. This can be attributed to the fact that the product binds to soil particles and is usually 

not taken from soil into the plants, therefore only a small percentage of abamectin applied to the 

soil may contact nematodes (Cabrera et al, 2013).  The results of these studies are different from 

a previous study demonstrating suppression of D. dipsaci on garlic with drench applications of 
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abamectin at concentrations of 0.6 – 3.6L/ha (Celetti et al, 2013). The inclusion of an abamectin 

nano-delivery system (Vive-ABA®), seeks to provide a new approach for improving the 

efficiency of pesticide application. This material utilizes an allosperse technology, which 

facilitates the mobility of the product in the soil, thereby producing better spatial distribution. In 

addition, the abamectin nano-delivery system also enable better penetration, and allow slower 

and more controlled release of the active ingredient on targeted pathogens, compared with 

conventionally formulated abamectin (Wang et al, 2018).  These properties coupled with the low 

to moderate garlic seed infestation levels used might explain the improved performance of the 

product during the 2017/18 cropping season compared with conventionally formulated 

abamectin. 

The use of biopesticides to manage stem and bulb nematode may provide an 

environmentally safe alternative to synthetic chemicals. The two different application methods of 

thyme oil were not equally effective in reducing nematode infection and population.  The 

application of thyme oil as a drench was not effective in controlling the nematode. Thyme oil 

applied as a seed soak provided some control against D. dipsaci. When seed cloves with low 

nematode infestation levels were used, thyme oil applied as a four-hour soak reduced bulb DSI, 

increased marketable yields, and resulted in a reduction in the number of nematodes recovered 

from plant tissue and soil.  By contrast, when seed cloves containing high numbers of nematodes 

(832 nematodes gram-1) were used, thyme oil did not suppress nematode populations or reduce 

nematode bulb damage. While the mode of action of thyme oil against D. dipsaci is unclear, it 

has been reported that extracts from Thymus spp cause substantial nematode mortality (Zouhar et 

al, 2009).  With a higher dosage rate, and perhaps longer seed soak duration, our results might 

have been different.  For instance, approximately 94% of D. dipsaci were dead after a 6-hour 
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exposure duration to 1500 ppm Thymus vulgaris compared with 81% after a 3-hour (Zouhar et 

al, 2009).  This finding indicates that the toxicity of D. dipsaci to thyme oil is dependent on the 

contact time.  In addition, further studies are needed to determine the EC50 at which thyme oil 

affect D. dipsaci. 

Although a thyme oil drench treatment was shown to control several genera of plant-

parasitic nematodes, it has one major disadvantage: suppression lasted only 30 days, suggesting 

that multiple applications are needed for crops with growing periods lasting longer than 30 days 

(Perez & Lewis, 2006). A possible reason for this is the rapid degradation of the active ingredient 

and its subsequent lack of persistence in the soil. In soil metabolism studies, dissipation half -life 

of thymol (constituent of thyme oil) was found to be five days, and less than 6% was detected as 

bound residue after 30 days (Hu & Coats, 2008). Therefore, in our study, the ineffectiveness of 

thyme oil applied as an in-furrow drench at planting might be attributed to both the fact that only 

one application was made during the growing season, and the product lack of persistent in the 

soil.    

Generally, the effects of fluopyram were not dependent on the application technique.  In 

the first trial, when seed cloves with high D. dipsaci infestation level was used there was no 

benefit to the combined soak and drench treatment as compared to the individual fluopyram 

treatments. On 27 June 2017, fluopyram applied as a drench or a soak resulted in the greatest 

reduction of D. dipsaci incidence on muck soils compared with all other treatments. While on 

mineral soil fluopyram applied as a drench or a soak was significantly different compared with   

nano-formulated abamectin, aluminum phosphide, flufensulfone, thyme oil and untreated check.  

By contrast, in muck soil using low and moderate seed clove infestation fluopyram treatments 

effectively reduced disease incidence compared with thyme oil, untreated check, abamectin (both 
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formulations) and clean seed treatments.   Whereas, in mineral soil fluopyram treatments were 

most effective in reducing disease incidence compared with the untreated check and nano-

formulated abamectin drench treatments. Seed clove infestation level (low or moderate) did not 

affect efficacy of fluopyram. On muck soil previously infested with D. dipsaci fluopyram 

treatments significantly reduced bulb DSI and consequently resulted in increased marketable 

yields compared with all other treatments. By comparison, on D. dipsaci free mineral soil, when 

seed cloves with low to moderate infestation levels were used, fluopyram treatments were 

statistically better than thyme oil (drench), untreated control and both formulations of abamectin 

applied as a drench.  

The results from these field trials show that fluopyram applied as a seed soak prior to 

planting or a drench at planting effectively reduced the nematode population density in soil and 

plant tissue, and consequently suppressed plant infection.  Previous experiments have shown that 

fluopyram can inhibit nematode motility and reproduction (Faske & Hurd, 2015; Jones et al, 

2017). There is, therefore, evidence to suggest that fluopyram treatments can protect garlic plants 

from D. dipsaci.  In addition, when using clean seeds in infested soil, the most effective time to 

apply fluopyram is as a drench at planting.   

The initial nematode population density and soil texture are two factors that might 

influence the response of garlic to nematicide treatments. The field on the muck soil was infested 

with 585 D. dipsaci kg-1 soil, which is well above the damage threshold suggested for this 

species in Ontario. As damage was probable at this infestation level, the garlic was expected to 

benefit from reductions in infection by the nematicide treatments. However, this was not the case 

on the muck soil for all products tested. The high rates of nematode infection on the mineral soil 
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in 2017 could most likely be attributed to high infestation levels of cloves used for planting 

material.  

   The number of nematodes recovered from soil samples differed between soil types.  

More nematodes were recovered from mineral soil than muck soil when evaluated immediately 

after harvest.  Even though the mineral soil was free of D. dipsaci at the start of the trail, as 

compared with the muck soil that exceeded the threshold levels of 100 D. dipsaci kg-1 soil.  This 

was likely due to edaphic factors such as texture, moisture and organic matter content.  

Differences in soil texture and mineral components may be used to explain the site -to-site 

differences in nematode population and disease incidence reported here. The results of this study 

agree with those of other researchers who stated that variation in soil texture and mineral 

component greatly impact the nematode`s motility, reproduction and consequently, infection 

(Miyagawa & Lear, 1970; Webster, 1964; Widmer et al, 2002). Since sandy soils are the ideal 

soil texture reported for the reproduction, motility and infectivity of D. dipsaci the results 

presented here are consistent with the results obtained from earlier studies.  For instance, 

Chirchir et al., (2008), reported that D. dipsaci are found most frequently and in greatest 

densities in sandy soil. The high concentration of sand (53%) at the mineral site possibly resulted 

in larger macropores within the soil and easier movement of the nematode throughout the soil 

profile.   

On the other hand, several plant parasitic nematode species were reported for the muck 

soil (Appendix A1.4).  A natural community of two or more plant parasitic nematodes species 

occupying the same ecological niche is referred to as a multi-species nematode community 

(Norton, 1989). The structure of multi-species communities varies immensely with 

developmental stage of individuals and their relative density, age, activity, infectivity, and 
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distribution. The presence of a multi-species nematode communities in the muck soil might have 

acted as a regulatory mechanism that served to maintain the soil food-web stability. Nematodes 

occur in food webs and their abundance may be controlled by abiotic or biotic factors. 

Populations of plant parasitic nematodes can be suppressed by competition between different 

nematode species.  Nematodes occupying the same rhizosphere compete for food and space, and 

the nature of this competition can be physiological, as well as physical (Khan, 1993). Thus, the 

D. dipsaci population did not increase indefinitely but was subjected to constant checks and 

balances which stabilized its density.  The absence of a multi-species nematode   community in 

the mineral soil possibly resulted in the absence of any biological buffering mechanism.  As 

such, this likely led to an increase in the population of D. dipsaci.  However, it is unknown what 

non plant parasitic nematodes species were at both locations. 

Differences in nematode population densities were also apparent between the trial years. 

During the first trial nematode population densities ranged from 62 to 6550 nematodes kg-1 

(muck soil), and 305 to 10271 nematodes kg-1 (mineral soil). By contrast, nematode population 

densities ranged from 125 to 1563 nematodes kg-1 (muck soil), and 250 to 1938 nematodes kg-1 

(mineral soil) during the second trial. The possible reason for the reduction in nematodes 

recovered from soil between the two years might be attributed to soil moisture, as influenced by 

the difference between the water holding capacity of soil of the two soils.  Because the mineral 

soil was coarser and had a lower OM content compared with the muck soil, higher temperatures 

and low rainfall during the growing season in the second year inadvertently led to drought-like 

conditions on the mineral soil. This reduction in soil moisture on mineral soil may have led to a 

reduction in the motility and infectivity of the nematode on mineral soil. This theory supports the 
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assumptions of Miyagawa and Lear (1970), who stated that at high temperatures (≥210C) 

nematode infectivity is reduced or lost, as the J4 larvae enters a temporary resting phase.   

The decrease in the nematode number and the resulting yield increase obtained with 

fluopyram and abamectin give supportive evidence that D. dipsaci is limiting garlic yield in 

Ontario. Some researchers (Barker & Olthof, 1976; Sasser et al, 1975) argue that the negative 

correlation of nematode numbers with yield are not proof that nematodes are the cause of yield 

decline.  Based on the results of our trials it may be concluded that nematodes cause significant 

damage and subsequently yield losses in garlic.  

Total yields in both muck and mineral soils were higher in 2018 compared with 2017. In 

2018, total yield in mineral soil was 67% higher than 2017 and in muck soil they were 58% 

higher.  Differences in yields between both years may be attributed to the low initial population 

density per gram of plant material used in 2017/18. Additionally, in 2017, total yields on mineral 

soil were higher compared with muck soil.  However, due to higher D. dipsaci infection a larger 

proportion of the total yield in mineral soil was in the unmarketable category compared with 

muck soil 

In the current study, nematode recovery among treatments at each location was highly 

variable.  Because of the migratory nature of the nematode, and with only 30 cm between each 

treatment row, it was not surprising to find that some nematodes were recovered from all soil 

samples. For example, at the time of planting the mineral soil was nematode-free; however, by 

the end of the trials 4754 and 2241nematodes kg-1 soil were recovered from treatment plots 

containing clean seed in 2017 and 2018 respectively.  The recovery of nematodes from these 

plots was probably due to nematode migration from adjacent plots.  This supports the theory that 

D. dipsaci migrates from the treated bulbs into the surrounding soil (Damadzadeh & Hague, 
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1979).  Furthermore, the absence of a significant difference in nematode recovery between 

untreated seeds and some treated seeds may be due to any or all of the following factors: the net 

rate of nematode increase, movement of the nematode in the soil, and the fact, that at harvest 

most plants were either severely damaged or had died.  For instance, Webster (1964) reported 

that in planta nematode population is strongly influence by the growth of the host, and 

nematodes are released from dying and dead plants into the soil environment.  Furthermore, in 

laboratory studies, Thomas (1981) demonstrated that the rate of horizontal movement of D. 

dipsaci in soil was 7cm/month over a period of 7 months, but under field conditions D. dipsaci 

migrated at a rate of 0.5 cm to 1.0 cm/day (Chaube & Pundhir, 2005). 

Finally, while there were clear differences in efficacy among the products as influenced 

by application methods, it is important to note that when controlling D. dipsaci in bulb crops 

such as garlic, product efficacy is dependent on several factors such as, product concentration, 

exposure duration, and mode of application.  Furthermore, since nematode population densities 

vary among individual bulbs, the number of D. dipsaci infesting bulbs may also affect efficacy 

of tested products.  Hesling (cited in Windrich, 1986) was probably the first to report variation in 

distribution of D. dipsaci in naturally infested bulb stock. Several researchers have shown that 

variation in nematode population densities in naturally infested bulbs affect treatment efficacy 

(LaMondia, 1999; Windrich, 1985).  Results reported by LaMondia (1999) suggests that 

variation in D. dipsaci population among host plants influence the efficacy of insecticides, and 

consequently pose a management challenge when population densities are high. 

The relationship between initial D. dipsaci population in planting material and yield 

losses of garlic cv. ‘Music’ found in these trials suggest that damage thresholds are consistent 

with those previously reported.  Celetti et al. (2013), previously reported that population of 432 
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D. dipsaci gram-1 of planting material were associated with economic yield losses in allium. 

When heavily infested planting material was used (832 nematodes gram-1) in the current study, 

most of the treatments were ineffective. Similar results were obtained when planting material 

with low (114 nematodes gram-1) or moderate (172 nematodes gram-1) levels of D. dipsaci 

infestation were used.  This indicates that even low infestation levels affected product efficacy. 

Thus, threshold levels lower than 114 nematodes gram-1 are needed.  

The initial nematode bulb infestation had an effect on the final population in the bulbs 

and soil. In the 2017 trial, less than 50% of the 832 nematodes gram-1 of planting material were 

recovered from untreated bulbs at harvest (Table 2.8).  This lower final nematode population 

seen at high initial population might be attributed to negative density factor, such as crowding of 

the nematode in the plant tissue, which resulted in the reduction of nematode multiplication due 

to excess competition for space and food. In contrast, the four-fold increase in the population 

size during the 2018 trial suggests that final nematode population was influenced by the different 

seed clove infestation level used.  Similarly, Kumar et al (2017) reported high rate of 

reproduction of Meloidogyne graminicola in sorghum (Sorghum bicolor) at low initial 

population. They attributed this to abundance of food, lack of competition and ability of host 

plant to support higher levels of population. In 2018, although nematode population in soil and 

bulb was high, this was not accompanied by visual symptoms until close to harvest, at which 

time a rapid and sometimes total collapse of the plant, and subsequent rot of bulbs occurred. 

2.4 Conclusion 

  This was the first study to compare the efficacy of products for the control of D. dipsaci 

on two different soil types, and one of the first to evaluate the efficacy of fluopyram for control 

of D. dipsaci in garlic.  The   study provides evidence that fluopyram applied as a drench over 
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the seed at planting, or a seed soak for four hours prior to seeding, resulted in effective control of 

D. dipsaci throughout the growing season, and in high yields. At high seed clove infestation 

levels, the organic product (ProMax®) thyme oil was neither effective as a soak nor a drench at 

the rates evaluated in this study. However, in the second trial, at low seed clove infestation, 

thyme oil was shown to possess better nematicidial capacity as a soak than as a drench.  

Therefore, with a lower degree of bulb infestation, and perhaps at higher dosage concentrations, 

the results might be better. Abamectin might be considered a useful material for protection of 

garlic from D. dipsaci only when seed cloves possess low to moderate levels of infestation.  

Also, high seed clove infestation coupled with high soil population limits the effectiveness of 

abamectin formulations.  The performance of the nano-formulated abamectin as a soil drench 

was not statistically better compared with the traditional abamectin formulation. The use of 

infested cloves in nematode free areas results in high disease incidence, reductions in marketable 

yields, and high soil populations at harvest. Therefore, it is not recommended that growers use 

infested seeds in nematode free areas.  Similarly, planting untreated infested bulbs in infested 

fields results in heavy damage or complete destruction of the crop depending on the infestation 

levels of seed cloves.  

 In Ontario, threshold levels for D. dipsaci have been established, and control 

recommendations are based on population levels present in the soil. This threshold does not take 

into account the presence of the nematode in garlic seed cloves. There is no information in the 

literature on threshold levels for garlic seed cloves. Establishment of such threshold will require 

additional research. However, results of this study demonstrate that clove infestation level affect 

disease incidence, disease severity index, marketable yield, and product efficacy. Based on these 

findings, it would be useful to analyze how deep a superficial treatment of fluopyram will 
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provide complete control of D. dipsaci. It is unknown if higher concentrations of nano-

formulated abamectin and thyme oil than those tested in these studies would be effective in 

eradicating D. dipsaci from the garlic cloves. Additionally, it is being recommended that 

fluopyram be applied as a preplant treatment to infested garlic seed cloves. For an organic garlic 

grower to profitably produce garlic he/she should apply thyme oil (ProMax®) as a preplant soak 

treatment.  Finally, in the absence of nematode free garlic seed cloves, growers should only use 

cloves with less than 100 nematodes per gram.  
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CHAPTER THREE 

EFFECT OF ROTATION CROPS ON DITYLENCHUS DIPSACI 

POPULATION DENSITY IN A GREENHOUSE SCREENING STUDY 

 

3 Introduction 

The stem and bulb nematode (Ditylenchus dipsaci (Kuhn) Filipjev, 1936) is present in 

several Canadian provinces, including Ontario (Mountain, 1957), Quebec (Lacroix et al., 1997), 

Saskatchewan (Creeleman, 1963) and British Columbia (Bocher, 1960). While the nematode is 

generally seen as a pest of garlic (Allium sativum), other crops most commonly reported to be 

hosts are oats (Avena sativa), alfalfa (Medicago sativa), red clover (Trifolium pratense), peas 

(Pisum sativum), onion (Allium cepa), and potato (Solanum tuberosum) (Aftalion & Cohn, 1990; 

Castillo et al, 2006; Douda, 2005; Hajihassani et al., 2016; Mwaura et al., 2014), and it has also 

been reported on wheat (Triticum aestivum )(Griffin, 1975). A disease survey in Ontario found 

high incidence and soil population levels of D. dipsaci in garlic fields in Southern Ontario 

(Hughes at al. 2012).  An earlier survey reported D. dipsaci at low soil population levels in onion 

and carrot fields on muck soils in the Holland Marsh (Celetti et al., 2000). The earlier detection 

suggests that this nematode may become a problem for onion production in the Holland Marsh, 

however, the nematode has not been reported as a problem on onions since it was reported in 

2000.  

The ability of populations within D. dipsaci to parasitize specific hosts has been used to 

classify variants of this species into biological races (Sturhan, 2012). The existence of biological 

races of Ditylenchus dipsaci was first suggested in 1888 by Ritzema Bos (Janssen, 1991) who 

found that certain populations attacked only rye (Secale cereal). Formation of such intraspecific 

plant specialization is thought to have evolved through the acquisition of a new host plant by a 
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local population of the nematode. To date, more than 30 biological races of D. dipsaci have been 

described based on host preference, making it a species complex (Andaloussi & Bachikh, 2001; 

Douda, 2005; Hajihassani et al., 2016; Sturhan & Brezeski, 1991; Struhan, 1971; Viglierchio, 

1971).  

Variations using PCR with species-specific primers have been reported from populations 

of the genus at the species level (Madani et al., 2015). Recently, the intraspecific pathogenic 

variability within a D. dipsaci race was confirmed by molecular markers. Qiao et al. (2013) 

studied the genetic variability of 90 isolates of D. dipsaci from Ontario garlic using RAPD-DNA 

analysis. They found two distinct clusters based on geographic location. One cluster is believed 

to have originated from onion whereas the origin of the other cluster is unknown. 

Some terms have been used ambiguously in nematode literature. To prevent 

misinterpretation, a number of terms are defined here. The ability of the host to restrict or 

prevent pathogen invasion, development or multiplication is termed resistance. Tolerance is the 

extent to which a host can withstand infection without significant damage or yield reduction 

(Trudgill, 1986). The suitability of a host for plant parasitic nematodes is expressed as the ability 

of the nematode to multiply on the host (Cook, 1974). Nonhosts allow little or no nematode 

penetration and reproduction (Whitehead et al, 1987). Classification as a host might be 

influenced by several factors such as host response differences among cultivars, differences in 

pathogenicity among nematode population and methodological differences used in the studies 

(Jacobsen et al, 2009).  

Host suitability of D. dipsaci can be determined by measuring reproduction on plants 

after artificial inoculation (Oostenbrink, 1966). In nematology, the reproduction factor (Rf) is 

used to define susceptibility and resistance of plants to parasitic nematodes, including 
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Ditylenchus species. Upon successful establishment of a compatible host-pathogen interaction, 

infection of the plant is followed by a sequence of damage to the plant cells and disruptions in 

the plant’s physiological processes (Sturhan & Brzeski, 1991; Webster, 1969). As such, 

reductions in normal growth parameters are useful indicators of the aggressiveness of the 

pathogenic nematode.  Ditylenchus dipsaci isolated from garlic inoculated on different hosts 

confirmed variations in reproduction and pathogenicity, suggesting host specificity of this race 

(Douda, 2005; Hajihassani et al, 2016; Poirier et al, 2019). The garlic race reproduces well on 

onion (Allium cepa) (Aftalion & Cohn, 1990; Poirier et al, 2019) and peas (Pisum sativum) 

(Hajihassani et al, 2016) but poorly on spinach (Spinacia oleracea) (Douda, 2005).  Differences 

in aggressiveness have also been reported in Germany. Several potato (Solanum tuberosum) 

cultivars differed in host suitability to D. dipsaci (Mwaura et al, 2014). In addition to variation in 

reproduction specific to different plant species, differences in penetration and invasion have been 

observed in several plant species (Webster, 1969). 

There is limited information about the host range of D. dipsaci from garlic in Ontario. 

There is also a need to identify suitable nonchemical control measures capable of suppressing 

this nematode for organic production. Crop rotation is one of the oldest approaches for disease 

management.  Growing a nonhost crop is expected to reduce the population of D. dipsaci in soil. 

Thus, it is important to identify crops that will not support the reproduction of the race of D. 

dipsaci from garlic in Ontario. Knowledge about the host suitability of potential rotational crops 

for use in garlic will allow the selection of rotation crops for nematode infested fields. 

The objective of the study was to determine the reproduction of the population of D. 

dipsaci isolated from garlic on selected crops with potential to be used in rotation in garlic 

production. The following hypothesis were tested:  
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(1) The race of Ditylenchus dipsaci isolated from garlic is unable to reproduce on or in 

the presence of soybean and wheat. 

(2). The race of Ditylenchus dipsaci isolated from garlic is able to reproduce on or in the 

presence of onion, carrot, corn and potato. There will be differences in reproduction with highest 

reproduction occurring in or on onions.  

 

3.1 Materials and Methods 

3.1.1 Species identification 

Nematodes were extracted from garlic and submitted to the Agriculture & Food 

Laboratory, University of Guelph (Guelph, Ontario) for molecular diagnostics. The ribosomal 

DNA containing ITS1-5.8S-ITS2 regions was amplified and sequenced using primers rDNA1 (5-

TTGATTACGTCCCTGCCCTTT-3) and rDNA2 (5- TTTCACTCGCCGTTACTAAGG-3) 

(Vrain et al, 1992).  The sequence was compared with published sequences by means of a 

BLAST search in the NCBI database.    

The nematodes were extracted from garlic cv. ‘Music’ cloves using the Oostenbrink dish 

method (Fig 3.1).  The garlic cloves were cut into 1-2 cm pieces and spread onto laboratory 

tissue paper (Kimberly-Clark, USA) overlaid on a 2mm plastic sieve and secured by folding, and 

then placed in a shallow plastic tray. Tap water was added to the pan to cover the plant tissue and 

incubated for 72 hours at room temperature (~ 230C). At the end of the incubation period, the 

nematode suspension was filtered through a 500-mesh sieve. The remaining material was washed 

into a 50ml centrifuge tube, then centrifuged at 1700 g for four minutes (Legend XTR, Thermo 

Scientific, Canada). The supernatant was decanted, and the nematodes collected and transferred 
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to sterile 2mL centrifuge tubes containing an antibiotic solution (0.1 % streptomycin sulfate) and 

let stand overnight. The nematode suspension was washed with sterile distilled water and 

transferred to sterile 2mL centrifuge tubes. The nematode suspension was submitted to the Pest 

Diagnostic Clinic (University of Guelph, Guelph, ON) for molecular diagnostics. 

 
Figure 3.1:  Oostenbrink dish 

 

3.1.2 Host range  

Two repetitions of the experiment to evaluate crops as hosts of D. dipsaci were 

conducted in a greenhouse of the University of Guelph, Guelph, Canada (43° 33' North and 80° 

15' West) using twice pasteurized muck soil. The soil was pasteurized to kill harmful soil pests, 

and not beneficial organisms. Muck soil (65% organic matter, the remaining mineral portion 

consisting of 81% sand, 13% clay, and 6% silt, pH 6.7) was obtained from the Muck Crops 

Research Station (range 3), Bradford, Ontario. Pasteurization was carried out using an electric 

soil pasteurizer (Johnsen Lansa, Burlington, Canada). Soil was placed in the pasteurizer, taking 

care to avoid compaction. The electric current passes directly through the soil by means of 

horizontally spaced electrodes consisting of metal tubes. The soil was heated (1200C) for three 
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hours to kill soilborne pathogens.  At the end of the cycle the soil was removed, allowed to air 

dry for 24 hours, and then returned to the pasteurizer for a second cycle.  

The experiments were arranged as a randomized complete block design with each 

experimental unit replicated four times, and the experiment was performed twice. The 

experiments were conducted concurrently, and established on 16 June 2018, and on 8 July 2018. 

The duration of each experiment was 47 days, terminating on 2 and 24 August 2018 for 

experiment 1 and 2, respectively. Two preliminary trials were conducted under growth room 

conditions before these were established (Appendix 2).   

In both greenhouse trials seven plant species representing six plant families were 

evaluated for susceptibility to D. dipsaci isolated from garlic (Table 3.1). These were chosen to 

represent crops commonly grown in Ontario that may be used by farmers in rotation with garlic. 

The nematode population used for the study was obtained from infested garlic cv. ‘Music’ cloves 

grown in an earlier trial on muck soil, and harvested during the summer of 2017. The cloves 

were stored at 40C prior to nematode extraction.  Fourth stage juvenile nematodes (J4), were 

obtained from 50 grams of garlic cloves that were cut into small pieces of 1-2 cm in length.  The 

nematodes were extracted using the Oostenbrink dish method described above.  At the end of the 

incubation period, the nematode suspension was filtered through a 500-mesh sieve. The contents 

on the 500 -mesh sieve were rinsed into a 50 mL centrifuge tube and tap water added bringing 

the final volume up to 50 ml.  To estimate the nematode population density, 1-mL of thoroughly 

mixed suspension was withdrawn and placed into a gridded petri dish and counted using a 

dissecting microscope. The suspension was adjusted to 100 nematodes/ml and used within 24 

hours after extraction.   
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A second fallow treatment was included using mixed developmental stages of D. dipsaci. 

This was prepared from an axenic culture using garlic and Gamborg’s B-5 medium (Sigma-

Aldrich, USA). The culture was descended from a population of nematodes collected from 

infested garlic cloves cv. Music, grown at the Muck Crops Research Station during the previous 

season.   Nematode extraction was as described previously. Ten surface sterilized J4 nematodes 

were placed on nematode-free garlic cv.’Music’ grown on Gamborg’s B-5 medium in 50ml 

centrifuge tubes. Cultures of D. dipsaci were reared in the dark at room temperature (23±10C) for 

3 months.  Nematodes were harvested by submerging the agar in 200 mL of tap water for 24 

hours. The suspension was decanted onto a 500 sieve and nematodes washed into 50 mL 

centrifuge tube and tap water added to bring the final volume up to 50 mL. Nematode population 

density was calculated as previously described. 
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Table 3.1: Plant Species previously evaluated for its host status to Ditylenchus dipsaci 

Family Common 

name 

Species Cultivar Supplier Selection criteria Reference 

Poaceae Corn Zea mays P9188 AM Dupont- Pioneer Commonly grown 

in Ontario. Host 

status inconclusive 

Andaloussi and 

Bachikh, 2001 

Apiaceae Carrot Daucus carota Cellobunch Stokes seed Host status 

inconclusive 

Poirier et al, 2019 

Greco et al, 2002 

Amaryllidaceae* Garlic Allium sativum Rocambole Vesey seed Positive control Hajihassani et al, 2016 

Poirier et al, 2019, 

Amaryllidaceae Onion Allium cepa LaSalle Stokes seed Identified as a host 

to the garlic race 

being tested 

Griffin, 1975 

Douda, 2005 

Solanaceae Potato Solanum tubersoum Kennebec Vanessa Currie, 

University of 

Guelph 

Host status 

inconclusive 

Poirier et al, 2019, 

Castillo et al, 2006 

Fabaceae Soybean Glycine max S04-D3 Syngenta Commonly grown 

in Ontario. Host 

status inconclusive 

Edwards and Taylor, 

1963 

Sayre and Mountain, 

1962 

Poaceae Wheat Triticum aestivum -- -- Commonly grown 

in Ontario. 

Host status 

inconclusive 

Griffin,1975 

Hajihassani et al, 2016 

*Nematode free.   Determination done using the Oostenbrink dish extraction method.



89 

 

To minimize fungal contamination, garlic, potato and wheat propagules were surface 

sterilized by immersing in a 10% commercial bleach solution (4.25% sodium hypochlorite, Great 

Value®, Ontario, Canada) for 2 minutes after which they were thoroughly rinsed under running 

water. These were then placed on paper towels and allowed to air dry for 24 hours prior to 

seeding. Information gathered during a preliminary observation was used to develop a seeding 

schedule.  The seeds of onion, carrot, and potato-tuber pieces (20 g), were sown on 31 May 2018 

and 24 June 2018 for repetitions one and two, respectively. Soybean and nematode-free garlic 

(cloves) seeds were sown on 8 and 30 June 2018, and wheat and corn seeds were sown on 12 

June 2018 and 4 July 2018 for repetitions one and two respectively. This staggered seeding was 

due to differences in the number of days to germination and seedling emergence.  All seeds were 

pre-germinated in LA4 Sunshine soilless mix (Sungro, Canada). Seedlings, selected for size 

uniformity, were transplanted into 15cm plastic pots containing 1 kg of muck soil as described 

above that had been twice pasteurized. Plastic pots were washed with disinfectant (Virkon®, 

Vetoquinol, Lavaltrie, Quebec), and then allowed to air dry because they could not be heat 

sterilized. Nematode inoculum was applied one week after transplanting. A suspension of 100 

nematodes (fourth stage juveniles) in 20 ml water was applied by pipetting 5ml of inoculum into 

four holes, 4-5 cm deep, around the stem of each seedling. The holes were immediately covered 

and plants watered the next day. There were four plants per experimental unit for each inoculated 

treatment and two plants per experimental unit for the non-inoculated controls.  There were four 

replicates for the inoculated and non-inoculated treatments (16 inoculated and 8 uninoculated 

plants per cultivar). There were two fallow (soil without vegetation) treatments: fourth stage 

juveniles, and mixed developmental stage (MDS) nematodes (adults and juveniles). 



90 

 

In repetition one, the plants were grown in a greenhouse with mean air temperatures of 

240C, with 16 hours’ photoperiod, and 37% relative humidity. In repetition two, the plants were 

grown in a greenhouse with air temperatures of 24.20C, with 16 hours’ photoperiod, and 46.5% 

relative humidity.  To prevent cross contamination, treated plants and control plants were placed 

on separate benches. The plants were drip irrigated automatically every day using a 0.1 % 

solution of 20-20-20+ MgSO4 + chelated micronutrient mix water-soluble fertilizers (Master 

Plant-Prod Inc., Ontario, Canada).  

3.1.3 Assessments  

Plant height measurements were taken one-week post inoculation and at 40 days post 

inoculation when plants were harvested. Plant height was measured from the base of the plant at 

soil level, to the tip of the highest leaf, using a measuring tape.  Plants were examined weekly 

after inoculation for visual symptoms of infection and again at harvest.  Forty days post 

inoculation, each plant was cut at the soil level and the fresh weight of above and belowground 

portions weighed and recorded.  For each plant species, the shoots were individually placed in 

paper bags and oven dried to a constant weight at 600C (SPX Blue M Electric dryer, 

Revco/Lindberg, Canada). The percentage increase and/or reduction in growth parameters over 

the control were calculated using the formula 

% reduction or increase = (uninoculated – inoculated) x 100 

Uninoculated 

Four soil cores were taken from each treatment pot at a depth of 5-7cm (Fig 3.2), samples 

were thoroughly mixed and stored at 40C prior to assessment. Nematodes were extracted from a 

200 g sub-sample for two days using the Oostenbrink dish method.   
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Figure 3.2: Soil sampling technique used immediately after harvesting  

 

Immediately following harvest ten grams of representative samples from both above-

ground plant parts and storage organs were procured for nematode extraction.  Preparation of 

fresh plant material prior to nematode extraction varied by plant species. Tissue samples were a 

composite of four plants in each replicate. The sample was collected close to the base of the plant 

(~10 cm from soil line). Ten grams of plant tissue were randomly selected for nematode 

extraction.  Aboveground plant material was cut into small pieces 1-2cm in length and used for 

nematode extraction. Bulbs (garlic and onion), tubers (potato) and roots (carrot) were removed 

from growing medium and washed gently under tap water. The basal plate of bulbs was visually 

examined and rated for damage. Tubers were peeled using a knife. Peels were 2-3mm in 

thickness. Subsequently ten grams of potato peels were cut into 1-2 cm pieces and used for 

nematode extraction. For carrot, 2-4 cm portion below and aboveground (portion most affected 

by D. dipsaci, Greco et al, 2002) was used for nematode extraction. Nematodes were extracted 

using the Oostenbrink dish extraction method for 72 hours. The nematodes extracted were 

counted using a gridded petri dish mounted under a dissecting microscope. Final nematode 
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population densities (Pf) per crop species were computed as the total number of nematodes 

extracted from plant tissue. By contrast, to report nematode population density as nematodes/kg 

of dry soil, the conversion factor of 14.4 was used.  Reproductive factor (Rf) for each plant 

species was calculated using the formula: 

Rf= Pf/Pi 

Where Pf represents the total number of nematodes recovered from the plant, and Pi the initial 

number of nematodes added.  Based on Rf values, the tested plant species were grouped into the 

following categories: nonhost Rf   <1, poor host Rf = 1 to 2, good host Rf = 2 to 4 and, excellent 

host Rf >4 (Hajihassani et al., 2016). 

3.1.4 Statistical analysis 

The data was analyzed with SAS 9.4 (SAS Institute, Cary, NC).  A plot of the studentized 

residual was done using the PROC SGSCATTER procedure and PROC UNIVARIATE 

procedure was used to test for normality of the distribution and random homogeneity. Prior to 

each analysis, the assumption of normality of residuals was tested using Shapiro – Wilk at α = 

0.05.  The plot of the residuals showed a normal distribution. The PROC GLIMMIX procedure 

was used to compute variance for dependent values which were partitioned into fixed effects 

(plant species) and random effects (blocks and experimental repeats). Data from repeated trials 

were pooled for analysis if there was no repetition by treatment interaction. Means comparison 

was done using Tukey’s multiple range test. 

3.2 Results 

Primers rDNA1 (5-TTGATTACGTCCCTGCCCTTT-3) and rDNA2 (5- 

TTTCACTCGCCGTTACTAAGG-3) successfully amplified the ribosomal DNA containing 
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ITS1-5.8S-ITS2n in D. dipsaci samples obtained from cloves of garlic cv ‘Music’. The sequence 

was compared with published sequences by means of BLAST search in the NCBI database 

(Appendix 2.1). 

The Treatment x repetition interaction for initial plant height was significant; as such, 

data from each repetition was analyzed and presented separately. There were some different 

trends in plant height between the two repetitions (Table 3.2). Differences in plant growth 

between inoculated and control plants became more apparent as the plants increased in age. At 

seven days- post-inoculation, plant height differences between inoculated and control plants were 

observed for potato in repetition one and for soybean, onion and garlic in repetition two. 

Inoculated potato (repetition one) and soybean (repetition two) were taller than control plants 

(Table 3.2).  By contrast, the treatment x repetition interaction was not significant for final plant 

height. Data from both repetitions were combined for analysis. Percentage reduction in final 

plant height was greatest in inoculated garlic and onion compared with the controls. There was a 

slight numerical increase in inoculated soybean, carrot and wheat compared with their respective 

controls (Table 3.3). 

Significant reductions in shoot fresh weight were observed for inoculated corn and potato 

compared with the control. Fresh weight in treated corn and uninoculated potato were higher in 

repetition one compared with repetition two. Ditylenchus dipsaci reduced shoot dry weight in 

corn and soybeans compared to the uninoculated control (Table 3.3).   

In repetition one, at 14 days post inoculation, 25% of garlic and 13% onion plants 

showed symptoms of nematode infection.  Early symptoms of D. dipsaci infection on onions 

were twisting and distortion of stems (Figure 3.3). In garlic there was stunted growth and 

chlorosis of leaves. At 40 days post inoculation, 38% of garlic and 6% of onion plants had died 
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with all remaining plants were showing severe symptoms of infection. Symptoms comprised leaf 

distortion, and discoloration (pale green) in onions, and chlorosis in garlic. Plants in both species 

were severely stunted.  In addition, the basal plate on garlic plants was severely damaged (Fig 

3.4). 

 

Figure 3.3: (A) Ditylenchus dipsaci infection symptoms after inoculation with 100 fourth stage 

juveniles. onion cv. 'LaSalle' 14 days after inoculation. (B) garlic cv. ‘Rocambole’ 40 days after 

inoculation (C). carrot cv. ‘Cellobunch’ 40 days after inoculation.  
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In carrot, straddled leaves (leaf axils wide apart) was the most visible symptom of 

nematode infection. Twenty-one days post inoculation, 38% of carrot plants showed symptoms 

of nematode infection; this increased to 75% by the end of the experiment. There were no visible 

symptoms of infection on the main root. Infected corn and potato showed no visible symptoms of 

infection.  

Table 3.2: The effects of infestation by Ditylenchus dipsaci on plant height of seven crop 

species, seven-days post inoculation greenhouse trial, 2018. 

Plant 

species 

Cultivar 

name 

Treatment Repetition 1 Repetition 2 

Plant 

height 

(cm) 

% reduction 

or increase 

over control2  

Plant 

height 

(cm) 

% reduction 

or increase 

over control 

Corn Pioneer 

P9188 AM 
Control 102.2 a1  5 ab 97.6 a 2.8 cd 

Inoculated   97.3 a 94.9 a 

Wheat -- Control   49.9 b   5 ab 46.2 b -1.0 cd 

Inoculated   47.3 b 45.8 b 

Potato Kennebec Control   38.7 c -22.0 b 33.7 de -5.6 d 

Inoculated   44 8 b 35.7 d 

Soybean S04-D3 Control   33.9 c   1.8 ab 30.3 e -34.5 e 

Inoculated   33.3 c 40.8 c 

Garlic Rocambole Control   23.7 d 12.0 a 24.3 f 45.5 a 

Inoculated   20.3 d 13.2 h 

Onion LaSalle Control   22.4 d 15.8 a 20.3 g 32.0 b 

Inoculated   18.6 d 13.8 h 

Carrot Cellobunch Control   20.2 d 20.0 a 18.2 g 8.0 c 

Inoculated   15.8 d 16.7 gh 

1Values in each column followed by the same letter are not significantly different according to 

Tukey’s test (P = 0.05).  

% reduction or increase = (uninoculated – inoculated) x 100 

uninoculated 
2Negative values indicate an increase over the control 

Plants were inoculated with 100 fourth stage juveniles 7 days after transplanting.   

The experiment was conducted twice and data from both experiments were analysis separately.  

 

 



96 

 

Table 3.3: The effects of infestation by Ditylenchus dipsaci on height, and fresh and dry weight of seven crop species, greenhouse 

trial, 2018. 

Plant 

species 

Cultivar 

name 

Treatment  Final plant height (cm) Fresh weight (g) Dry weight (g) 

Height % of 

increase or 

reduction 

over 

control2 

Shoot  % of 

increase or 

reduction 

over control 

Shoot % of 

increase or 

reduction 

over 

control 

Corn Pioneer 

P9188 AM 
Control 211.6 a1 3 b 347.9 a 17 ab 70.0 a 24 a 

  Inoculated 206.0 a 289.7 a 53.3 b 

Potato Kennebec Control   68.1 c 4 b 131.6 c 27 ab 13.3 c 32 a 

  Inoculated   65.3 c  95.7 d   9.0 cd 

Soybean S04-D3 Control 101.2 b -9 b  43.9 e 39 ab 10.5 c 43 a 

  Inoculated 110.5 b  26.6 efg   6.0 de 

Carrot Cellobunch Control  47.4 de -3 b  42.5 e 23 ab   5.5 de 29 a 

  Inoculated  48.6 d  32.9 ef   3.9 ef 

Wheat -- Control  72.1 c - 3 b  23.9 fgh 13 b   4.9 def 33 a 

  Inoculated  74.2 c  20.9 f-i   3.3 ef 

Onion LaSalle Control  51.9 d 34 a  12.3 igh 68 a   0.6 ef -17 b 

  Inoculated  34.5 ef    3.9 i   0.7 ef 

Garlic Rocambole Control  44.3 de 40 a  16.4 fg 45 ab   4.3 ef 65 b 

  Inoculated  26.4 f    9.0 ih   1.5 ef 

1Values in each column followed by the same letter are not significantly different according to Tukey’s test (P = 0.05).  

% reduction or increase = (uninoculated – inoculated) x 100 

uninoculated 
2Negative values indicate an increase over the control 

Plants were inoculated with 100 fourth stage juveniles 7 days after transplanting 

The experiment was conducted twice and data from both experiments was pooled for analysis
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There was a significant interaction between the two repetitions for nematode recovery, so 

the repetitions were assessed separately. In repetition one, nematode recovery from plant tissue 

and soil differed among treatments.  Nematode populations increased on most plant species and 

in fallow pots. The number of nematodes recovered from plant tissue was highest in onion and 

garlic compared with other plant species. Few nematodes were recovered from corn, carrot and 

potato and none from soybean and wheat. Onion and garlic had the highest reproduction factor 

(Rf value), while the Rf values for corn and carrot were less than 1, they did not significantly 

from 1. The Rf value for potato was 1, and greater than 4, for garlic and onion, indicating that 

these plants may be considered as hosts based on the criteria defined by Hajihassani et al, 2016.)  

(Table 3.4). The number of nematodes recovered was highest in soils in which onion and garlic 

were grown and lowest in soils in which soybean and wheat were grown. There was no 

difference in population density between fallow treatments. Additionally, the nematode soil 

counts in the MDS treatment were not different when compared with corn and the J4 counts, 

however, soils in which potato and carrot were grown had higher nematode population density 

than either of the fallow treatments (Table 3.5).   

In repetition two, the number of nematodes recovered from plant tissue was highest in 

onion compared with other plant species. Few nematodes were recovered from corn, carrot and 

potato and none from soybean and wheat (Table 3.4).  The nematode reproduction factor was 

highest for onion and less than 1 for carrot. The Rf values for potato and corn are greater than 1, 

indicating that these plants may be considered as poor host based on the criteria defined by 

Hajihassani et al, 2016. The population density of D. dipsaci was highest in pot soils in which 

carrot was grown and lowest in pot soils in which soybean and wheat were grown. There were no 

differences in population density between fallow treatments, garlic and corn. Similarly, there 
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were no differences in soil nematode populations between corn and wheat compared with J4 

fallow (table 3.5).   

Table 3.4: Host suitability of crops with potential for use in rotation with garlic, grown in soil 

artificially infested with Ditylenchus dipsaci, Guelph, 2018. 

Plant Species Trial 1 Trial 2 

 Plant tissue 

(10 grams)1 

Rf2 Host3 Plant tissue 

(10 grams) 

Rf Host  

Onion 450 a4 4.5 a Excellent 713 a 7.1 a Excellent 

Garlic 410 a 4.1 a Excellent 350 b 3.5 b Good 

Potato 100 b 1.0 b Poor 113 c 1.1 c Poor 

Corn 87 b 0.9 b Nonhost 113 c 1.1 c Poor 

Carrot 62 b 0.6 b Nonhost 88 c 0.9 c Nonhost 

Wheat 0 b 0 b Nonhost 0 c 0 b Nonhost 

Soybean 0 b 0 b Nonhost 0 c 0 b Nonhost 

1Nematode density in aboveground organs per plant (except for garlic, carrot and potato, in 

which extraction was from both above and belowground plant parts (pf). 
2 Reproduction factor (Rf) value = pf/pi. Pi = initial nematode inoculum per plant (100 fourth 

stage juveniles).  
3Host: nonhost Rf   <1, poor host Rf = 1 to 2, good host Rf = 2 to 4 and, excellent host Rf >4 

(Hajihassani et al., 2016). 
4Values in each column followed by the same letter are not significantly different according to 

Tukey’s test (P = 0.05). 
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Table 3.5: Mean number of Ditylenchus dipsaci recovered from artificially infested soil 

associated with selected plant species and fallow treatments in greenhouse studies. Initial 

population was 100 nematodes/kg of pasteurized muck soil, Guelph, 2018. 

Treatments1 Trial 1 Trial 2 

Nematode 

recovered 2 

Reproductive 

factor3 

Nematode 

recovered 

Reproductive 

factor 

Onion 8640 a4 21.6 a 4896 b 12.2 b 

Garlic 7020 ab 17.6 ab 3780 bc 9.5 bc 

Potato 5832 b 14.6 b 4968 b 12.4 b 

Carrot 5796 b 14.5 b 7380 a 18.5 a 

MDS 3780 c 9.5 c 3672 bc 9.2 bc 

J4 2664 cd 6.7 cd 2772 cd 7.0 cd 

Corn 2628 cde 6.6 cde 2160 cde 5.4 cde 

Wheat 936 de 2.3 de 936 de 2.3 de 

Soybean 756 e 1.9 e 756 e 1.9 e 

1J4 = fourth stage D. dipsaci juveniles, MDS = mixed developmental stages (adult male and 

female and juveniles) D. dipsaci. 
2Nematode density assessed in artificially infested soil of each treatment pot 40-days after 

inoculation (pf). 
3 Reproduction factor (Rf) value = pf/pi. pi = initial nematode inoculum  
4Values in each column followed by the same letter are not significantly different according to 

Tukey’s test (P = 0.05). 
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3.3 Discussion 

This is the first study identifying plant species capable of reducing D. dipsaci population 

density compared with bare fallow, in muck soil, under controlled environment conditions. 

Differences in host status of the tested plant species were identified.  The final nematode 

populations (plant tissue) were higher in onion than in garlic in one of the two repetitions, even 

though garlic was the initial host of D. dipsaci. The nematode reproduced well on onion and 

garlic and not quite as well on potato, thus, these crops can be considered hosts, based on the 

criteria defined by Hajihassani et al, 2016.  The host status of corn is inconclusive, since in trial 

one the reproductive factor value was less than 1, and slightly greater than 1 in trial two. 

Soybean, wheat and carrot can be considered nonhost. Nematode numbers were low in soils in 

which wheat and soybean were grown compared with all other crops except corn, and numbers 

on soybean were lower than in fallow soil.  These results indicate that most of the plant species 

could maintain or increase D. dipsaci for the subsequent crop at a level similar to that of fallow 

soil with mixed developmental stages of the nematodes. There was no difference in nematode 

numbers with fallow soil inoculated with the mixed developmental stages of the nematode 

compared with the fourth stage juvenile used as inoculum.  This indicates that the nematode can 

reproduce and survive for at least 40 days in the absence of a host plant.  

The finding that onion was a good host for D. dipsaci isolated from garlic is consistent 

with those of other researchers (Douda, 2005; Hajihassani et al, 2016; Poirier et al, 2019), and is 

expected, since these crops are in the same plant family.  The similarities might be due to the 

production and secretion of root exudates into the rhizosphere. The rhizosphere, located about 2 

to 3 mm from the root surface, contains substances such as organic acids which are exuded from 

plant roots. Consequently, these root exudates influence soil ecology (Baetz & Martinoia, 2014; 



101 

 

Bais et al, 2006). Root exudates have the potential to attract or repel Ditylenchus spp (Plowright 

et al, 1996; Spiegel et al, 2002). Different plant species secrete different exudates (Baetz & 

Martinoia, 2014; Bais et al, 2006), and it is possible that different cultivars of the same plant 

species could secrete different exudates (Plowright et al, 1996). This theory is supported by 

Spiegel et al (2002) who reported that onion cv.‘Evergreen Long White bunching’ secretes root 

exudates into the rhizosphere that are less attractive to D. dipsaci, while onion cv.‘White Lisbon’ 

secretes root exudates that more attractive to D. dipsaci, making these cultivars more susceptible 

than ‘Evergreen Long White Bunching’. These onion root exudates create a gradient of attractive 

compound that makes it easier for D. dipsaci to find the plant or make these plants more 

attractive, thereby causing increased infection. However, root exudate production in garlic 

varieties has not yet been evaluated but could explain why onion cv. ‘LaSalle’ had higher Rf 

values than garlic cv. ‘Rocambole’ in both repetitions of the experiment. Another potential 

explanation for the high number of nematodes recovered from onion tissue may be attributed to 

the generation time of D. dipsaci on the host. Several researchers have shown that reproduction 

of D. dipsaci in host plants is primarily a response of temperature 200C for alfalfa (Griffin, 

1968); 150C for oats (Blake, 1962) and 15- 210C for onions (Sayre & Mountain, 1962; Yuskel, 

1960).  For instance, the generation time is approximately 19 -23 days on onions at 150 (Yuskel, 

1960), as such, the 40 days’ duration post inoculation used in the current studies was enough 

time for the completion of at least one complete generation. Based on these variations in 

fecundity of D. dipsaci females on different host plants an examination of D. dipsaci 

development and reproduction on garlic is required. 

Resistance of plant species to plant parasitic nematodes may be seen as the ability of the 

host to disrupt the reproduction of the nematode (Trudgill, 1991). There are contradictory reports 
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in the literature on the host status of potato, carrot and corn for D. dipsaci. Our results show 

variations in the reproductive capability of D. dipsaci on carrot cv. ‘Cellobunch’, corn cv. 

‘P1988 AM’ and potato cv. ’Kennebec’. Ditylenchus dipsaci reproduced slowly on corn, potato 

and carrot.  In an earlier study, Greco et al (2002) reported penetration and reproduction on 

carrot, thus, demonstrating this plant is a suitable host for D. dipsaci. Our results contradict the 

findings of Poirier et al (2019) who reported that D. dipsaci did not penetrate and reproduce on 

corn cv. ‘UT128B’ and carrot cv. ‘Enterprise’ at an inoculum level of 200 nematodes inoculated 

into the leaf axil of each plant. The inconsistency between these results might be attributed to 

differences in host response between cultivars, experimental conditions or the length of 

experiments.  

Cultivars of a crop may differ in tolerance to nematodes (Trudgill, 1991). Differences in 

host suitability to D. dipsaci among potato cultivars have been reported by several authors. For 

instance, based on reproduction and pathogenicity, potato cv. ‘Kennebec’ was considered as a 

host for D. dipsaci (Castillo et al, 2006). Conversely, a recent study reported that potato 

cv.’Chieftan’ was not considered a host for D. dipsaci although the nematode was able to 

penetrate the potato stems and tubers. This might be due to the fact that on some cultivars the 

nematode probably produced fewer females, and subsequently fewer offspring, resulting in low 

Rf values. This agrees with the findings of Caligari and Phillips (1984), who reported that on 

some genotypes of potato, reproduction of Globodera pallida (Stone) Behrens, was erratic and 

slow, as nematodes were not able to efficiently reproduce.  

The high soil and low plant tissue nematode population for potato, corn and carrot may 

be due to biochemical mechanisms. A number of biochemical changes, such as the production of 

post-infection compounds, are activated in plants following infection by pathogens. These post-
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infection compounds would create unfavourable in planta conditions causing migration into the 

soil in search of an alternate food source. The production of the phytoalexin, sakurantein has 

been observed in resistant rice cv. ‘Rayada 16-06’ following infection by D. angustus (Plowright 

et al, 1996). Phytoalexins have been shown to inhibit nematode motility (Balbridge et al, 1998). 

In addition to biochemical changes, phenotypic characteristics may influence nematode 

penetration.  For instance, the higher number of nematodes recovered from potato compared to 

corn may be due to the succulence of the potato stem tissues, which would be easier to penetrate. 

Our results, based on reproduction of D. dipsaci and their egression from plant tissue of 

different plant species, may be used as an indicator of host preference. Frank and Brodie (1995) 

described an egression experiment used to characterize the resistance of potato to P. penetrans in 

New York. They found that the sex of the egressed nematodes was more important than rates of 

egression in determining resistance and susceptibility of potato cultivars.  Higher rates of female 

egression results in reduction in egg laying, and consequently, lowered reproduction. Similar 

conclusions were reported in cotton in the case of Meloidogyne incognitia (Kofoid &White) 

(McClure et al, 1974), and in soybean in the case of Meloidogyne incognita (Moura et al, 1993). 

There were no nematodes recovered from plant tissue of soybean and wheat at the end of 

the experiments.  The soybean and wheat cultivars evaluated in these studies may be considered 

nonhosts of D. dipsaci. Resistance mechanisms in soybean and wheat may occur at the point of 

nematode penetration. For example, Whitehead et al (1987) speculated that due to the lignified 

(woody) nature of red clover and alfalfa, there is a reduction in penetration and success of D. 

dipsaci. Since soybean stems are lignified, this might be the reason for the lack of penetration.  

In these studies, wheat was not penetrated by D. dipsaci, however an earlier work shows that 

wheat can be penetrated by D. dipsaci (Griffin, 1975). It is important to note that variability 
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exists in nematode populations. Poirier et al (2019) discovered that different populations of D. 

dipsaci recovered from different crops/locations vary in their ability to infect crops. Differences 

in virulence of races used, or in cultivars tested, and methods used to express Rf values may have 

influenced these results. For example, the study by Griffin (1975) used an alfalfa race, while a 

race isolated from garlic was used in the present study. The variation in the results indicates 

some specificity in host-pathogen interactions. On the other hand, the inability of the J4 to 

penetrate these plants may be due to the production of pre-infection compounds which may have 

prevented penetration of the nematodes and contributed to the observed resistance. These plants 

may be classified as antagonists on whether they produce nema-toxic compounds or are simply 

unsuitable host for the nematodes.  One hypothesis to explain how these antagonistic plants 

suppress D. dipsaci is via direct effect of associated toxic compound.  Antagonistic plants 

synthesized compounds such as saponins in the rhizosphere, these result in repellency, motility 

inhibition, or even death of nematodes. For example, soya saponins has shown nematicidal 

activity against root knot nematodes (Allam et al, 2017), while several researchers have reported 

strong toxicity of saponin isolated from Medicago spp towards several nematode genera 

(D’Addabbo et al, 2011). 

There is need for a standard method for calculating and reporting the nematode 

reproduction factor, and consequently determining the host status of a crop or cultivar. This is 

especially important for plant species where there is a high soil population of the nematode but a 

low plant tissue population and vice versa. For example, in studies by Hajihassani et al (2016) 

and Poirier et al (2019) host indexing was based on the number of nematodes recovered per 

grams of plant tissue.  Conversely, Samaliev & Markova (2015) determined host indexing based 

on cumulative nematode recovered from plant tissue and growing medium. These studies by 
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Hajihassani et al (2016) and Poirier et al (2019) that only consider plant tissue have lower Rf 

values, and consequently have underestimated the host status to D. dipsaci. By contrast, in 

Samaliev & Markova (2015) study the Rf values might be considered inflated and the host status 

to D. dipsaci overestimated. Endoparasitic nematode such as D. dipsaci, that move between soil 

and plant tissue should be assessed using combined nematode numbers recovered from both soil 

and plant tissues. Host indexing performed using plant tissue nematode numbers only are not 

indicative of the nematode’s behavioral and distribution patterns. The method used in the current 

study is an accurate indicator of the population distribution of the nematode, and thus, provides a 

better assessment of the nematode’s reproduction factor. Furthermore, since our research showed 

that the nematode was reproducing in fallow soil, it would be useful to include fallow treatments 

with fourth stage juvenile in studies looking at reproduction factor. 

Ditylenchus dipsaci is reported to damage stems of herbaceous plants such as beans and 

peas (Hajihassani et al, 2016), bulbs such as garlic and narcissus (Douda, 2005; Webster, 1964) 

and taproots such as sugar beet and carrot (Castillo et al, 2007; Greco, 2002). Plant species 

varied in reductions in growth parameters (height, fresh weight and dry weight,) and 

development of infection symptoms in response to D. dipsaci.  This damage may be attributed to 

injury of the roots, basal plate or vascular tissue due to penetration and feeding of the nematode 

resulting in reduced absorption of water and nutrients.  The feeding and movement of D. dipsaci 

creates damage to the basal plate and cavities in the parenchyma and middle lamella of leaves. 

This damage adversely affects plant growth, and tends to decrease the rates of absorption and 

movement of water and nutrients. This reduction in growth consequently results in lowered fresh 

and dry weights. The reduction in growth parameters and high disease incidence recorded for 

onion and garlic are in agreement with the reported damage threshold level of D. dipsaci on 
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alliums. These results are similar to those of Steinhost (1956) who reported that D. dipsaci is 

pathogenic to alliums at an inoculum concentration of 10 nematodes per 400 cm3 soil (roughly 

25 nematodes in 1000 cm3 of soil).  In Ontario, the economic damage threshold of Ditylenchus 

dipsaci on allium crops is 100 nematodes soil kg-1 (OMAFRA, 2009). 

There was a mild stimulation (compensational growth or hormesis) of plant height 

observed in potato and soybean seven days post inoculation. Compensational growth has been 

reported for several other plant parasitic nematodes.  Low populations of Meloidogne hapla 

Chitwood, have been shown to increase vegetative growth in greenhouse tomatoes (Olthof & 

Potter, 1977). This growth response may be attributed to the production of specific plant growth 

regulators in response to pathogen invasion. 

Fallowing has been reported as an effective method in reducing nematode population 

density under field conditions.  Because of the commonly held belief that juveniles die and 

population decreases in the absence of a food source, we compared the effect of fallow soil on a 

population of J4, and a population containing mixed development stages. Our results showed that 

there was no difference in nematode population in the fallow treatments based on type of 

inoculum over the 40 days of the trial. Mixed developmental stage inoculum produced 

numerically higher numbers of nematodes than inoculum with fourth stage juveniles.  Caswell et 

al (1991) used this theory in an attempt to control Rotylenchus reniformis Linford & Oliveira in 

Hawaii by fallowing under different conditions and testing the population periodically. 

Populations declined by approximately 54% after 345 days, but in no case was the nematode 

eradicated.  Nematode populations in fallow soil might be reduced further with a longer period 

with no host plants.  
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There are different reports in the literature as to how long D. dipsaci can survive in the 

absence of a host. The results of the present study agree with findings in other studies that 

assessed the effect of fallow soil on Ditylenchus spp. survival and reproduction. For example, 

Wilson and French (1975) reported that population increases are directly influenced by the initial 

nematode population in the soil. They showed that at population densities below 100 

nematodes/500-gram soil there are increases in D. dipsaci numbers in the absence of a host. 

Additionally, Lewis and Mai (1960) reported that D. dipsaci can survive in the field for 2 years 

in the absence of a host. Similarly, MacGuidwin and Slack (1991) reported that all stages of 

Ditylenchus destructor can survive in bare fallow soil for at least six weeks in the absence of a 

host.  According to Norton (1976) nematode survival will vary based on nematode 

developmental stage and environment. He further pointed out that nematodes possess several 

inherent factors that influence their survival; these include reproductive capacity and food 

reserves (this is stored fats and carbohydrates). Miyagawa and Lear (1970) reported that at 

temperature of 15 to 210C the fourth stage juvenile can survive can survive between 212 – 242 

days. Since soil moisture, texture and ambient environmental conditions affect nematode 

survival (Miyagawa & Lear, 1970), air temperature in the greenhouse was maintained at 240C 

and soil kept moist and not saturated. Consequently, nematode survival and reproduction seen in 

the current study might be attributed to favorable soil moisture and ambient environmental 

conditions.  

Finding higher final populations of D. dipsaci in the fallow soil compared with initial 

population was unexpected since it is a common belief that the nematode only reproduces in the 

presence of a host. A possible explanation for our result is that inoculum consisting of mixed 

developmental stages had mature adults and gravid females which resulted in numerically higher 
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final population densities compared to inoculum consisting solely of fourth stage juveniles. 

Ditylenchus dipsaci is amphimitic, meaning that both female and males must mate and produce 

fertile eggs. Females do not deposit eggs without mating; thus, mating is necessary for 

reproduction.  A single female is able to produce up to 500 eggs in her lifetime. The females do 

not continue to lay eggs without adequate stored food reserve or active feeding. Based on our 

results it appears that the nematodes are able to mate in soil and possessed adequate food reserve 

to continue egg laying. It is possible that like Pratylencchus spp females of D. dipsaci are able to 

deposit eggs both in planta and in the soil. Soil moisture favoured hatching of these eggs and 

consequently an increase in nematode numbers. By contrast, development and reproduction of 

the fourth stage juvenile is influence by temperature. This theory was proven by Tenente and 

Evans (1998), who reported that at temperatures between 20 and 250C J4 nematodes are able to 

become adults, mate and lay eggs which are hatched in less than seven days. They further stated 

that nematodes exposing J4 nematodes to a pre-chilling temperature of 50C stimulated population 

growth in the first two weeks following inoculation. Since, the garlic cloves from which the 

nematodes were extracted were maintained at approximately 40C, this might further explain the 

population increase observed in the J4 fallow pots. 

   The duration of the current experiments and growing medium used might not 

accurately reflect the population dynamics of D. dipsaci. An increase in study duration might 

help to ascertain whether the population would decline over time as reported for other plant 

parasitic nematodes.  Soil pasteurization might have compromised the microbial community of 

the growing medium, resulting in a biological imbalance, which might have ultimately 

contributed to an unregulated increase in the nematode population. According to Allan and 

Calton (1981), if a pathogenic organism is the first to re-infest a pasteurized medium, it will 
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develop rapidly without competition. Therefore, the use of non-pasteurized soil might have 

provided soil microbial communities similar to those under field conditions; thereby nematode 

population increase might have been regulated. Elucidating mechanisms underlying the decline 

of nematode population density is critical for the development of management strategies, such as 

fallow. Since this nematode is able to persist in soil for prolonged periods it may take several 

years of fallow to reduce the nematode population. 

 

3.4 Conclusion 

Relative to garlic, the preferred host for D. dipsaci, onion, may be considered an 

excellent host, potato a poor host, and carrot, wheat and soybean nonhosts.  The host status of 

corn is inconclusive, as in one repetition is was found to be a poor host, and a nonhost in the 

other. Ditylenchus dipsaci has the ability to survive and reproduce in corn, potato and carrots. 

Onions tended to be more aggressively parasitized by D. dipsaci than garlic. This was 

unexpected, considering that the test population used in the study was obtained from garlic.  

Ditylenchus dipsaci lacks the ability to efficiently survive and/or reproduce in soils in which 

wheat and soybean are grown; therefore, these plants may be categorized as being either active 

or passive antagonist, depending on whether they produce nema-toxic compounds or are simply 

unsuitable host for the nematodes.  Due to the antagonistic nature of these plants, they may 

potentially be used in rotation with garlic areas infested by the nematode. Since D. dipsaci has 

been found to infect and reproduce on potato, corn and carrot, both in the current study and 

earlier studies, field testing should be implemented to test the use of these crops in rotational 

programs. 
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The plant species evaluated in these studies provide additional information on the host 

status of D. dipsaci isolated from garlic. A total of 18 plant species, including garlic, have been 

screened so far for their host status for the D. dipsaci race infesting Ontario garlic (Hajihassani et 

al, 2016; Poirier et al, 2019). Only 28% of these plants were classified as a host by the authors. 

Therefore, this research improves the knowledge of the host status of two plant species (corn cv 

‘Pioneer P9188 AM’, and potato cv ‘Kennebec’) to D. dipsaci. Additionally, it provides garlic 

growers with valuable information needed to select plant species that will reduce the population 

density of D. dipsaci in soil. However, future research should expand plant species screening to 

microplots or field trials, and include additional populations of D. dipsaci to make the data on 

nonhost status more robust. Finally, more research is needed to understand the biochemical 

mechanisms associated with susceptibility of garlic to D. dipsaci, since no research has 

investigated the mechanisms of D. dipsaci susceptibility in garlic.  
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CHAPTER FOUR 

BASAL PLATE ROT IN GARLIC: A NEMATODE – FUNGUS DISEASE 

COMPLEX 

 

4 Introduction 

The nematode genus Ditylenchus has both a wide host range and geographic distribution.  

Ditylenchus dipsaci (Kuhn, 1857) Filipjev, 1936, is one of the three most important species of 

this genus and has been reported on over 450 hosts globally (Mckenry & Phillips, 1985).  Garlic 

(Allium sativum L.), an important allium crop, is one of the hosts for this nematode. In Canada, 

D. dipsaci can reduce yields of garlic by as much as 100% (Celetti, 2009). Since then Hughes et 

al (2012) have shown that D. dipsaci is present in more than 70% of garlic fields in Ontario.  In 

other regions of Canada, D. dipsaci causes serious damage to garlic as well as other crops such 

as alfalfa (Hawn, 1963; Vrain, 1987). The stem and bulb nematodes are endo-migratory parasites 

that enter and migrate intracellularly throughout the plant while feeding, and then return to the 

soil once conditions in the plants are no longer suitable for growth and reproduction. This 

destructive behavior results in physical damage to the basal plate of garlic, thereby predisposing 

the affected plants to secondary attack by soilborne fungi that are pathogenic to garlic.  

 Fusarium species are often isolated from garlic, and are commonly associated with basal 

rot in garlic bulbs (Matuo et al, 1986). Fusarium oxysporum f.sp cepae Schlechtendhal emend. 

Synder & Hansen (Foc), is one of the fungal pathogens associated with basal plate rot of garlic in 

Ontario. Basal plate rot of garlic is characterized by early senescence, bulb discoloration and rot 

of the basal plate and roots (Celetti, 2012). Significant loss of roots and basal plate due to 

infection by Foc can result in yield loss similar to that caused by D. dipsaci. In garlic fields in 

Ontario, agricultural advisors have observed increased damage caused by Foc when D. dipsaci is 
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in the same fields. This has led to the speculation that a nematode-fungus interaction may be 

increasing disease severity and yield losses of garlic. 

Interaction in epidemiology refers to the extent to which the cumulative effect of two 

pathogens on disease differs from the independent effects of each of the pathogen (Ahlbom & 

Alfredsson, 2005). The cumulative effect is the effect of the presence of both pathogens on 

disease and the independent effect is the effect of each pathogen in the absence of the other 

pathogen. In plant pathology, as in ecology, there are three broad categories of interaction types 

based on the cumulative effect of multiple pathogens: synergistic, additive and antagonistic. An 

interaction of two or more pathogens in an infected organism that results in enhanced disease 

compared to the additive sum of infections produced by the individual pathogen acting alone is 

termed synergy (Murray et al, 2014; Piggott et al, 2015). By contrast, when the combined effect 

of two pathogens generates a response that is less than the individual pathogen acting alone, the 

interaction is deemed to be antagonistic (Cote et al, 2016; Piggott et al, 2015).  Whereas, an 

interaction in which two pathogens produce total effects similar to the sum of the individual 

pathogens is called an additive effect (Kalilani & Atashii, 2006).  

Additionally, plant disease complexes involving nematodes may be obligatory or 

fortuitous. Disease complexes in which each pathogen acts independently and is not directly 

influenced by the other are termed fortuitous relationships. In these types of relationships, the 

presence of the nematode is not required for the expression of the disease symptoms, but they 

enhance the incidence and severity of the disease. Conversely, in obligatory relationships one 

pathogen is either completely dependent on the other, or directly influenced by it. Thus, 

expression of disease symptoms occurs only when both pathogens are present (Sitaramaiah & 

Pathak, 1993).   
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Several studies have been conducted on plant disease complexes that involve pathogenic 

soilborne microorganisms from different phyla. The most commonly known example of a 

synergistic interaction involving a migratory endoparasitic nematode and a fungus is the 

association between Pratylenchus penetrans (Cobb) Filipjev & Schuurmans-Stekhoven and 

Verticillium dahliae Kleb. resulting in potato early dying disease (MacGuidwin & Rouse, 1990; 

Wheeler & Riedel, 1994). Studies on the pathological relationships between D. dipsaci and 

fungal pathogens have identified synergistic interactions between these pathogens (Griffin, 1987; 

Griffin, 1990; Hillnhutter et al., 2011; Vrain, 1987).  Hillnhutter et al (2011), found that damage 

on sugar beet (Beta vulgaris) plants by D. dipsaci was significantly increased when co-infected 

with Rhizoctonia solani.  In earlier studies, Griffin (1990) reported synergistic damage on alfalfa 

(Medicago sativa) caused by the interaction between D. dipsaci and Fusarium oxysporum f.sp. 

medicaginis (Weimer) Synder and Hansen. This synergism may be attributed to D. dipsaci acting 

as agents of ingress, or agents of predisposition for the fungal pathogens (Riedel, 1988).  

However, it may also be a result of forma specialis of Fusarium oxysporum acting as modifiers 

of rhizosphere microfauna (Griffin, 1990). Despite these findings, the types of interactions that 

occur between D. dipsaci and Foc during the development of basal plate rot on garlic have not 

been reported in the literature.   

One technique used by several researchers is the use of analysis of variance (ANOVA) to 

determine synergy (Griffin, 1990; Murphy & Bowen, 2005). In alfalfa, Griffin (1990) used 

quantitative measures of shoot and root fresh weights to provide proof of synergy using statistical 

analysis. For qualitative measurements associated with disease incidence and severity, Murphy 

and Bowen (2005) developed equations to allow for statistical proof of synergy in peppers 
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(Capsicum annum). The increase or decrease in disease severity due to co-infection of both 

pathogens compared with either pathogen alone was consequently used to confirm synergism or 

antagonism based on statistical analysis. In this scenario the additive effect is statistically 

compared with the observed co-infecting pathogen combination data, thereby indicating whether 

a deviation from additive has occurred. When significantly greater than additive, synergism has 

occurred. 

Since Foc and D. dipsaci are widely distributed throughout the major garlic production areas 

of the world, the possibility exists that these pathogens may act synergistically when present 

together in garlic fields. More damage, and higher severity of basal plate rot, could result from 

either an additive or synergistic interaction, than would result from infection with either 

pathogen alone. However, there is no information about the types of interaction that occur 

between D. dipsaci and Foc coinfecting garlic in Southern Ontario.  

The hypothesis is: 

1. There is a synergistic interaction between D. dipsaci and Foc that increases the severity 

of basal plate rot more than the additive effect of the damage caused by both pathogens.  

The objectives of this study are to: 

(1)  Evaluate the level of damage caused by the individual pathogens and determine the types 

of interaction that occur between D. dipsaci and Foc in the basal plate rot disease 

complex of garlic.  

(2) Determine the effect of Foc on the reproduction factor of D. dipsaci and the populations 

in soil 
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4.1 Materials and Methods 

The host plant used for these experiments was garlic cultivar ‘Marbled Purple Stripe’ 

(Veseys Seed, PEI, Canada). Garlic plants were grown in a growth room at the University of 

Guelph (43° 33' North and 80° 15' West), at 24±10C, with artificial lights providing a photoperiod 

to 16 hours. Twice pasteurized mineral soil (88% sand, 8% clay, 4% silt and 3.4% OM) was used 

as the growing medium. The mineral soil was obtained from Bajar’s farm, near Bradford, Ontario. 

Soil pasteurization was done as described in the previous chapter. The plants were watered as 

needed and fertilized with a 0.1% solution of 20-20-20+MgSO4 water soluble fertilizer (Plant 

Products, Canada) three times weekly. 

4.1.1 Fungal identification and inoculum increase 

A pure culture of Fusarium oxysporum f.sp. cepae was obtained from the Agriculture & 

Food Laboratory, University of Guelph (Guelph, Ontario).  The pathogen was isolated from 

symptomatic garlic cv ‘Music’ plants. The plants were obtained from a farmer’s field in Ontario. 

The isolate was multiplied on Spezieller Nahrstoffarmer Agar (SNA) medium; the petri dishes 

were incubated at 280C for 3-5 days. Hyphal tips were transferred to 60 x15 mm petri dishes 

containing potato dextrose agar (PDA) medium amended with streptomycin sulphate (100 

mg/L). The petri dishes were incubated at 280C for 3–21 days. The following morphological 

characters were assessed visually: color of the aerial mycelium, shape of colony, and type of 

margin. Spore suspensions were prepared and several characteristics were observed and recorded 

using a compound microscope (Nikon Eclipse 50i, Nikon, Japan): septation, shape and size of 

different morpho- structures: micro and macro conidia and sporodochia. This information was 

compared with morphological characters described in the standard reference The Fusarium 

Laboratory manual, (Summerell & Leslie, 2006).  A petri dish containing a fungal colony 
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possessing morphological characteristic consistent with those of F. oxysporum f.sp. cepae was 

sent to the Agriculture & Food Laboratory, University of Guelph (Guelph, Ontario) for 

molecular confirmation.  Protocols of DNA extraction, amplification, and sequencing used for 

the fungal specimen were as described and published by (O’Donnel et al, 1998). Sequencing of 

the translation elongation factor 1a gene (EF-1a) was amplified and sequenced using primers E1 

(5-ATGGGTAAGGAGGACAAGAC-3) and E2 (5-GGAAGTACCAGTGATCATGTT -3).  

Sequence was compared with published sequences by means of BLAST search in the NCBI 

database (Appendix 3.2). 

4.1.2 Pathogenicity testing – garlic cloves 

A pathogenicity test of the isolated fungus was conducted on garlic cloves under ambient 

laboratory conditions. Garlic (cultivar unknown) was sterilized in a 5% commercial bleach 

solution for 45 seconds and then thoroughly rinsed in four changes of distilled water.  The cloves 

were then blotted dry using laboratory tissue paper (Kimberly-Clark, WI, USA), and a metal 

probe (~1.5 mm diameter) was used to injure the cloves to a depth of 4mm (Fig 4.1). The wound 

was filled with PDA medium colonized by the fungus. Wounded cloves inoculated with sterile 

PDA served as the control. Cloves were placed individually in single wells of a 32-well plate. 

The plate was placed in a plastic container, sealed, and incubated on the laboratory bench top at a 

temperature of 23±10C for three weeks. The cloves were examined weekly for symptom 

development. 
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Figure 4.1:  Peeled and wounded garlic cloves prior to inoculation. 

 

The outer margins of the rotted cloves were removed, surface sterilized for 3-minutes in 

5% sodium hypochlorite, and thoroughly rinsed in four changes of sterile distilled water. These 

were cut into 1-2 cm pieces, placed on sterilized paper towel and allowed to air-dry under aseptic 

conditions. Two pieces of clove material were plated on PDA amended with streptomycin sulfate 

(Sigma-Aldrich, USA) and incubated for 7,14 and 21 days at 280C (Moharam et al, 2013). The 

colonies were visually assessed and spore suspension prepared for microscopic analysis to 

complete Koch’s postulates.  

4.1.3 Inoculum preparation 

Ditylenchus dipsaci fourth stage juveniles extracted from infested garlic cloves cv. 

‘Music’, obtained from the Muck Crop Research Station, University of Guelph, were used as 

inoculum in these experiments. Nematode inoculum was prepared as described in chapter three. 

Prior to inoculation, the identity of D. dipsaci was confirmed by molecular diagnostics by the 

Agriculture & Food Laboratory, University of Guelph (Guelph, Ontario) in a previous chapter. 
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Inoculum of Foc was prepared by flooding three-week-old cultures on SNA media with 

sterile water, dislodging the conidia from the petri dish with a microscope slide, and filtering the 

resulting conidial suspension through four layers of cheese cloth (Fig 4.2). Conidial concentration 

was determined using a haemocytometer and adjusted to 3 x 105 conidia/ml by adding sterile water. 

The suspension consisted of 60% macroconidia and 40% microconidia.  

   

     
Figure 4.2:  Spore suspension preparation. (A) Sealed petri dish containing fungal colony. (B) Petri 

plate flooded with sterile distilled water. (C) Fungal colony wounded allowing conidia to be 

dislodged. (D) Beaker containing concentrated conidial suspension/filtrate. 
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4.1.4 Experimental design 

The experiment was arranged in a randomized complete block design (RCBD), with four 

replicates per treatment. Each experimental unit consisted of three individually potted plants.  

Treatments applied were: (1) nematode only, (2) fungus only, (3) nematode and fungus 

introduced simultaneously, (4) nematode applied first followed by fungus, (5) fungus applied 

first followed by nematode, and (6) a noninoculated control. A 7-day lag period was used for the 

sequential treatments (treatments 4 and 5).  Two-week-old seedlings of uniform height were 

transplanted (4 and 26 July 2018 for repetitions one and two, respectively) into 15cm plastic pots 

containing one kilogram of pasteurized mineral soil. Soil was pasteurized as described in chapter 

3. Pots were sterilized using the disinfectant Virkon® (Vetoquinol, Quebec). Treatments were 

applied seven days after transplanting. Inocula for both pathogens were injected into pots at 4 

locations equidistant to each other and 1 cm away from the stem using a 10 ml syringe and 

starting from 5-7cm deep and retracting to the soil surface while injecting the inoculum. For 

simultaneous inoculation, 40 mL of conidial suspension, was followed immediately by the same 

amount of nematode suspension (100 fourth stage juvenile – J4) injected into each pot. For 

sequential inoculation, garlic plants were inoculated with inoculum suspension of the first 

pathogen. The second inoculation was performed seven days later. Control plants were 

inoculated with 40 mL of sterile distilled water. The day on which all plants received full 

treatment (final inoculation) was termed day 0. Immediately after inoculation, pots receiving 

fungal inoculum were placed in a plastic bag for 48 hours to reduce evaporation and enhance 

fungal invasion of seedlings. Plants were grown for 35 days post final (15 August, 2018 and 3 

September 2018) inoculation in a temperature and light controlled growth room (16h/8h 

light/dark; 24±10C). The experiment was repeated.   
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Table 4.1: Treatments used in nematode-fungus interaction growth room trials 

Treatments Fusarium 

oxysporum 

f.sp. cepae 

3x10-5 

Ditylenchus dipsaci 

100 fourth stage juveniles 

per pot 

Control 0 0 

Fusarium check  + 0 

Ditylenchus check  0 + 

Combined inoculum applied 

simultaneously 

+ + 

Ditylenchus applied first, Fusarium 7 

days latera  

+ + 

 Fusarium applied first, Ditylenchus 7 

days latera 

+ + 

a Sequential inoculation, with a seven-day lag period between the first and second pathogen 

inoculation. 

4.1.5 Assessments 

Plant growth parameters evaluated for each of the treatments included plant height, shoot 

and bulb fresh weight, and shoot dry weight. Plant height was determined as a measure of stem 

length from soil level to the tip of the tallest leaf. This measurement was taken twice, one day 

before inoculation and at harvest. At the end of the experiment, plants were harvested and 

separated into shoot and bulb portions. Fresh weight of shoots and bulbs were recorded, with 

fresh bulb weights representing yield. Shoot portions were oven-dried at 600C (SPX Blue M 

Electric dryer, Revco/Lindberg, Canada) for two days until constant weight was reached. The dry 

weight of the shoot was recorded. Percent reduction in weights, compared to the noninoculated 

control, was calculated for each treatment.   

Foliar symptoms of basal plate rot, as indicated by foliar chlorosis, were assessed at 7-

day intervals from the first appearance of the disease. Incidence of foliar symptoms was reported 

as a percentage of the plants with symptoms in each experimental unit. Severity of foliar 

chlorosis and necrosis was assessed using a rating scale of 0 – 4, where 0 = 0%, 1 = 1- 33% of 

leaf area showing symptoms, 2 = 34 – 66%, 3 = 67 – 100% and 4 = dead) (Rout et al, 2016) and 
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the plants were sorted into classes. These data were used to calculate a disease severity index 

(DSI) using the equation (Kobringer & Hagedorn, 1987): 

 

DSI = 

∑ [(class #) (# of leaves in each class)] x 100 

(total # of leaves per sample) (# of classes-1)  

 

At the end of the experiment, plants were separated into bulbs and shoots. The bulbs were 

washed free of soil, weighed, and assessed for basal plate rot.  To determine the severity of basal 

plate rot, visual assessment of bulb damage was done using the method described by Rout et al, 

(2015).  Damage to the basal plate was rated using 0 – 3 scale and divided into classes according 

to the percentage of necrotic tissue, in which class 0 = no decay symptom, 1 = slight infection 

(10 - 20% of basal plate infected), 2 = moderate infection (20-50%), and 3 = highly infected 

(>50%).  Basal plate rot severity scores were converted into disease severity index (DSI) using 

the formula of Kobringer and Hagedorn, (1987): 

DSI=  ∑ [(class #) (# of bulbs in each class)] x 100 

(total # of bulbs per sample) (# of classes-1)  

 

Nematodes were extracted from ten grams of fresh, symptomatic bulb tissue, and 200-

gram of moist soil samples using the Oostenbrink dish extraction method. Four soil cores were 

taken from each treatment pot at a depth of 5-7cm. Samples were placed in plastic bags, 

thoroughly mixed and a 200-gram subsample collected. The extraction process was the same as 

described in chapter 3. To calculate the final nematode population, the number of nematodes per 

gram recovered from plant tissue and soil sample were summed. This data was then used to 

calculate the nematode reproduction factor (Rf = final population/initial population) values for 

each treatment.   
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Figure 4.3: steps in nematode extraction from soil using the Oostenbrink dish extraction method. 

A) Mesh fitted into a plastic container. B) Mesh overlaid with three sheets of laboratory tissue 

paper. C) 200 grams of soil evenly spread on top of tissue paper. D)  The edges of the tissue 

paper were folded, and water added to dish. 

 

Synergy factor  

The means of plant fresh weight were used to calculate the synergy factor from the co-

infection of both pathogens using a formula modified by Hillnhutter et al (2011):  

Synergy factor (SF) = (c – s) / {(c –d) + (c –f)} 

Where  

c = plant weight of control plant 

s  = plant weight of combined treatment 

d = plant weight of the D.dipsaci alone treatment 

f = plant weight of the Foc alone treatment  
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When the synergy factor (SF) is 1 then interactions are additive, and when they are >1, it is 

synergistic. This method is an indication of the type of interaction and is not statistical proof of 

that interaction. 

By contrast, Murphy and Bowen (2005) used disease severity to determine the type of interaction 

between co-infecting pathogen. The increase or decrease in disease severity due to co-infection of 

both pathogens compared with either pathogen alone was consequently used to confirm synergism 

or antagonism based on statistical analysis. In this scenario the additive effect is statistically 

compared with the observed co-infecting pathogen combination data, thereby indicating whether 

a deviation from additive has occurred.  

4.1.6 Statistical analysis 

The data were analyzed with SAS 9.4 (SAS Institute, Cary, NC).  Dependent variables 

were plant height, shoot weights (fresh and dry), bulb weight, disease incidence, basal plate rot 

severity, area under disease progress curve (AUDPC), and nematode reproduction factor.  

Control treatments that did not produce any symptoms were not included in the analysis of basal 

plate rot severity or disease incidence. The PROC GLIMMIX procedure was used to compute 

the variance for dependent values which were partitioned into fixed effects and random effects. 

Blocks and test repeats were the random effects.  Data from the two trials were pooled together 

because the experiments were identical, and no interactions were found between the experiment 

effect (repetition) and the effect of the inoculation treatments in any of the variables.  Means 

comparison was done using Tukey’s multiple range test (α = 0.05).  
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4.2 Results 

Fusarium oxysporum was identified on the basis of morphological, microscopic and 

molecular studies.  Primers E1 (5-ATGGGTAAGGAGGACAAGAC-3) and E2 (5-

GGAAGTACCAGTGATCATGTT -3) successfully amplified and sequenced the translation 

elongation factor 1a gene (EF-1a) (Appendix 3.2). The sequence was compared with published 

sequences by means of BLAST search in the NCBI database. There were abundant microconidia 

that formed singly, and were oval to kidney shaped without any septation (Fig. 4.4). The size of 

the microconidia ranged from 6.3 x 2.5 to 9 x 3 µm. Conidiogenous cells producing 

microconidia were short monophialides. Sporodochia were coral or pale orange in colour and 

were produced after colonies were wounded and placed under ultraviolet light. Macroconidia 

produced in the sporodochia are the primary defining characteristics of Fusarium spp. used for 

identification purposes. Macroscopic and microscopic characteristics of the colony and 

macroconidia are presented in Table 4.2.  The morphology of the macroconidia was consistent 

with F. oxysporum (Summerell & Leslie, 2006). Chlamydospores produced in the hyphae were 

thick-walled, terminal, globose and single celled. 
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Table 4.2: Macroscopic and microscopic characteristics of Fusarium oxysporum f.sp. cepae 

associated with basal plate rot of garlic, Guelph, 2018. 

Morphological characterization Description 

Macroscopic characteristics 

Colony color on upper surface  White to pale violet 

Pigmentation of lower surface Dark violet to dark magenta 

Colony shape Circular with entire margin 

Growth rate (cm)a 4.3 

Microscopic characteristics                                     

Macroconidia morphology Straight to slightly curved 

Aerial cell morphology Tapered and curved, with slight hook 

Basal cell morphology Foot shaped 

Mean length of macroconidia (µm)b  32.5 

Mean width of macroconidia (µm)b 3.25 

Macroconidia septation 3-5 (3-septate most common) 

a growth rate measurement taken after 4 days of incubation at 280C 
b mean values of ten randomly selected macroconidia taken after 3 weeks of incubation at 280C 

 

 The pathogenicity confirmation test was positive and clove rot developed in all 

inoculated garlic cloves.  An internal tan-colored rot progressed from the inoculation site towards 

the clove apex or base, with mycelium occasionally observed in the rot cavity. Fusarium 

oxysporum was successfully re-isolated onto PDA from the symptomatic cloves. No symptoms 

were observed on the control cloves and no fungus was isolated (Fig. 4.4).  
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Figure 4.4:  (A) upper surface of colony, (B) lower surface of colony, (C) monophiladies, (D) 

microconidia, (E) macroconidia, (F) rot symptoms on garlic cloves inoculated with Fusarium 

oxysporum isolate (right) and symptomless control (left). 
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There was a significant interaction between the two repetitions for plant height, so the 

individual repetitions are presented separately (Table 4.3).  Plant heights in the noninoculated 

control in each repetition were very similar.  In repetition one, the control plants were 

significantly taller than the treated plants and there were no differences in plant heights among 

any of the treatments. In repetition two, again all treatments were shorter than the untreated 

check.  Height of garlic treated with Foc alone was higher than plants that received sequential 

inoculation with D. dipsaci applied first (Table 4.3). When garlic was inoculated with D. dipsaci 

followed by Foc there was a 25.0 % and 30.0% reduction in plant height compared with the 

control in repetition one and two respectively, similar to the reduction seen in concomitant 

inoculations, and the D. dipsaci check (Table 4.3). 

Table 4.3: Mean plant height of garlic cv. Marbled Purple Stripe 35 days after simultaneous or 

sequential inoculation with Ditylenchus dipsaci and Fusarium oxysporum f.sp. cepae, Guelph 

2018. 

Treatments Plant Height (cm)1 

First repetition Second repetition  

Control 65.0 a2 66.3 a2 

Ditylenchus alone 50.8 b 48.6 bc 

Fusarium alone 50.1 b 49.7 b 

Sequential inoculation Fusarium applied first 49.9 b 47.5 bc 

Simultaneous inoculation 49.8 b 48.1 bc 

Sequential inoculation Ditylenchus applied first 48.5 b 46.6 c 
1 Final plant height measurements taken on 15th August, and 3rd September 2018. 
2 Numbers in a column followed by a different letter are significantly different according to 

Tukey’s test at α =0.05. 

There was a repetition by treatment interaction so data were analyzed separately for each 

repetition. 

 

Differences in shoot dry weight were observed among the treatments. There was no 

repetition by treatment interaction, so the pooled data are presented. All inoculation treatments 

reduced bulb yields and shoot weights as compared with the control. The sequence of inoculation 
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did not affect shoot fresh weight or bulb yield. The reduction in shoot dry weight, as a 

percentage of the uninoculated control, ranged from 19.0 to 36.0% for Fusarium alone and 

simultaneous inoculation respectively. Simultaneous inoculation with both pathogens resulted in 

lower shoot dry weight than Fusarium alone (Table 4.4).  
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Table 4.4: Plant growth parameters of garlic cv. Marbled Purple Stripe, 35 days after inoculation simultaneously and sequentially with 

Ditylenchus dipsaci and Fusarium oxysporum f. sp cepae, Guelph 2018. 

Treatments Shoot weight (g) Bulb weight (g) 

 Fresh 

weight 

% 

reduction2 

Dry 

weight 

% 

reduction2 

Fresh 

weight 

% 

reduction2 

Control 31.6 a -- 3.6 a -- 13.9 a -- 

Fusarium alone 20.6 b 35 2.9 b 19 10.7 b 23 

Ditylenchus alone 20.2 b 36 2.8 bc 22  9.9 b 29 

Sequential inoculation Ditylenchus applied 

first 

19.8 b 37 2.8 bc 22 10.2 b 26 

Simultaneous inoculation  17.1 b 46 2.3 c 36  9.9 b 29 

Sequential inoculation Fusarium applied 

first 

16.9 b 46 2.8 bc 22 10.7 b 23 

1 Numbers in a column followed by a different letter are significantly different according to Tukey’s test at α =0.05. 
2 % reduction or increase = (control – inoculated) x 100 

control 

The data were from the two repetitions were pooled for analysis. 
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Significant differences in foliar symptoms were observed among the treatments.  Twenty-

one days after inoculation, plants treated with Foc alone began showing symptoms of infection: 

chlorosis of the leaves began at the tips and moved towards the base of the leaves (Fig 4.5). In 

contrast, infection by D. dipsaci caused stunting, bloating and chlorosis of the foliage starting 

with the lower leaves. Symptoms in the plants receiving combined inoculations began 7 and 14-

days post inoculation for simultaneous and sequential inoculations respectively. The plants 

receiving simultaneous and sequential inoculations had a higher incidence of disease than plants 

receiving single inoculum. The control plants did not show any symptoms. 

 

 
Figure 4.5:  Garlic cv. ‘Marled Purple Stripe’ artificially infected with Fusarium oxysporum f.sp. 

cepae showing symptoms of infection. 

 

Thirty- five days after final inoculation of garlic, symptoms of basal plate damage 

included water-soaked rotten roots, which eventually disintegrated (Fig. 4.5). No symptoms were 
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observed in the controls.  Incidence and leaf DSI were lower for the pathogens applied singly 

than the simultaneous inoculation and D. dipsaci applied first.  Incidence was also high when 

Foc was applied first. Disease severity on the bulb was highest for simultaneous inoculation and 

D. dipsaci applied alone.  Sequential inoculation with Foc applied first had the lowest bulb DSI 

compared with all other treatments (Table 4.5). There was no difference in bulb DSI between 

Foc applied alone and sequential inoculation in which D. dipsaci was applied first (Table 4.5). 

Sequence of inoculation did not affect leaf severity index. Simultaneous and sequential 

inoculations in which D. dipsaci was applied first resulted in significantly higher severity ratings 

compared with either pathogen alone. There was no difference between leaf severity index of 

sequential inoculations in which Foc was applied first compared with either pathogen applied 

alone (Table 4.5). In combined inoculations, sequence of inoculation did not affect AUDPC. 

Also, Foc applied alone had a significantly lower AUDPC compared with all other treatments 

(Table 4.5).   

 
Figure 4.6:  Cloves of garlic cv. ‘Marbled Purple Stripe’ showing basal plate rot. 
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Table 4.5: Disease incidence, severity and area under disease progress curve (AUDPC), in garlic cv. ‘Marbled Purple Stripe’ 

inoculated with Fusarium oxysporum f.sp. cepae and Ditylenchus dipsaci alone, simultaneously and sequentially. Guelph, 2018. 

Treatments Incidence1  AUDPC Disease severity 

index 

 Leaf1 Bulb2 

Simultaneous inoculation 100.0 a3  1166.5 a 57.2 a 61.1 a 

Sequential inoculation Ditylenchus applied 

first 

100.0 a  1225.0 a  56.4 a 33.3 b 

Sequential inoculation Fusarium applied first   91.7 a  1079.1 a 50.5 ab   8.3 c 

Ditylenchus alone  75.0 b  1050.2 a 39.7 b 52.8 a 

Fusarium alone  66.7 b    583.5 b 39.5 b 23.6 b 

1 Represents data collected at 28 days post final inoculation 
2 Data collected at harvest 
3Numbers in a column followed by a different letter are significantly different according to Tukey’s test at α =0.05. Data from both 

repetitions were pooled for analysis. 
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Significant differences in nematode populations in the soil and plant tissue, and in the 

reproduction factor, were seen among treatments (Table 4.6).  Plants receiving nematode only 

had the highest number of nematodes in the soil and plant tissue and hence the highest 

reproduction factor. The Rf was slightly lower, but similar in sequential inoculations in which 

the nematodes were applied first and simultaneous inoculation. The lowest Rf was found where 

Fusarium was applied first.  

 

Table 4.6:  Effect of Ditylenchus dipsaci and Fusarium oxysporum f. sp. cepae inoculated alone 

of in combination, on nematode populations and reproduction in garlic cv. ‘Marbled Purple 

Stripe’ grown in growth room, University of Guelph, 2018. 

Treatments Nematode population RF2 

Soil1 

(200 g soil) 

Plant tissue 

(g/plant tissue) 

Ditylenchus check 1175 a3 588 a 5.9 a 

Sequential inoculation Ditylenchus applied first 950 b 425 b  4.3 b 

Simultaneous inoculation 856 b 375 b  3.8 b 

Sequential inoculation Fusarium applied first 662 c 275 c  2.8 c 
1Means are transformed from 200 grams to a kg of soil using a conversion factor of 9.8 
2Reproduction factor RF= Final population /initial population (final population represents 

nematode recovered from plant tissue).  
3Numbers in a column followed by a different letter are significantly different according to 

Tukey’s test at α =0.05. 

There was no repetition by treatment interaction so data were from the two repetitions were 

pooled for analysis. 

 

The nature of the interaction resulting from mixed nematode-fungus infection was 

determined using two approaches. In the first approach, nature of the interaction resulting from 

combined infection was determined using shoot and bulb fresh weights and the equation of 

Hillnhutter et al (2011). In this, case shoot and bulb fresh weights were less than 1 (Table 4.7), 

indicating an antagonistic interaction between both pathogens as defined by Hillnhutter et al 

(2011).   By contrast, a quantitative approach was used to determine synergy for the interaction 
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between D. dipsaci and Foc for AUDPC, disease incidence and severity index. With combined 

infections, a synergistic interaction is shown when the observed percent disease in combined 

inoculations is greater than the observed percent disease of the sum of either pathogen alone, and 

is supported by statistical proof (Murphy and Bowen, 2005). The combined infection of D. 

dipsaci and Foc resulted in an antagonistic interaction.  There was an increase in disease 

incidence, but this was less than expected as compared to the addition of the incidence caused by 

the infection of either pathogen alone (Table 4.5).  It is somewhat difficult to determine the 

nature of the effect based on incidence data, since incidence cannot exceed 100%. In an additive 

interaction, the sum of the combined infection of D. dipsaci and Foc would have been equal to 

the sum of both pathogens.  For AUDPC there was no difference between combined infection 

and D. dipsaci inoculated alone, indicative that there was no effectof adding Foc. . However, 

combined infections between D. dipsaci and Foc resulted in higher AUDPC relative to Foc 

inoculated alone (Table 4.5). For bulb DSI, there was no difference between simultaneous 

inoculation and D. dipsaci applied alone, indicating no effect of Foc.  Similar results were 

obtained for sequential inoculation in which D. dipsaci was applied first relative to Foc 

inoculated alone. However, an antagonistic interaction manifested in sequential inoculation in 

which Foc was applied prior to D. dipsaci (Table 4.5). Disease severity was lower than that 

resulting fro either pathogen alone, and also lower than when D. dipsaci was applied first.  
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Table 4.7: Influence of disease complex on synergy factor of shoot fresh weight and bulb weight 

35 days post inoculation, Guelph 2018. 

Treatments Plant variable  Synergy 

factor  

Type of 

interaction 

Simultaneous inoculation Shoot fresh weight  0.65  

Antagonistic Sequential inoculation Ditylenchus 

applied first 

 0.53 

Sequential inoculation Fusarium 

applied first 

 0.66 

Simultaneous inoculation Bulb weight 0.56  

Antagonistic Sequential inoculation Ditylenchus 

applied first 

 0.51 

Sequential inoculation Fusarium 

applied first 

 0.44 

Synergy factor above 1.0 indicates synergistic effects among the pathogens, whereas, synergy 

factor less than 1.0 indicates antagonistic effects among pathogens 

Synergy factor calculated using the formula: c-s /{(c-d) + (c-f)}. Where c = control, s = 

combined pathogen inoculation, d = D. dipsaci alone and f = Foc alone. 

 

4.3 Discussion 

This is the first study to investigate the interaction between D. dipsaci and Foc on garlic 

plants. The effects of sequential, simultaneous and single inoculation with Foc and D. dipsaci 

were compared on garlic cv. ‘Marbled Purple Stripe’. While it is clear that the pathogens are 

interacting, the interactive effect of concomitant inoculations varies depending on the dependent 

variable being assessed. An interaction that diverges from an additive effect, and is less than the 

sum of the individual pathogens is antagonistic. Whereas, a deviation from an additive effect that 

is greater than the sum of the two individual pathogens in synergistic (Piggott et al, 2015).   In 

determining synergism between D. dipsaci and fungal pathogens, two methods appear in the 

literature. Initially, the classification of synergism was associated with enhanced disease severity 

resulting from co-infection of pathogenic microorganisms (Griffin, 1990).  More recently, 

Hillnhutter et al (2011) used plant growth parameters (shoot and root weights) to determine 
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synergism. Although using different approaches, both methods used statistical proof to show that 

synergy existed between fungus and nematode.   

This study demonstrated that for plant growth parameters an antagonistic interaction 

occurred.  The combination of D. dipsaci and Foc inoculated simultaneously or sequentially 

reduced the shoot dry weight of garlic more than the Fusarium check. Simultaneous inoculation 

with both pathogens resulted in lower shoot dry weight than inoculation with Foc alone.  By 

contrast, for bulb yield there was no additive or synergistic effect between the two pathogens. 

The decrease in yield was the same whether one or both pathogens was used as inoculum.    

Furthermore, bulb yield, was significantly higher in uninoculated controls compared with treated 

plants, as expected.  

The interaction of the two pathogens on the severity of basal rot on the bulbs was different 

from what was expected.  Disease severity resulting from simultaneous inoculation was not 

different from inoculation by D. dipsaci alone.  In addition, inoculation with Foc before D. 

dipsaci reduced the total severity in the bulb, indicating an antagonistic reaction.  

The presence of Foc affected D. dipsaci populations in the soil and plant tissue, and also 

the RF values.  The effect of Foc on D. dipsaci became more apparent with the inoculation 

sequence, with the greatest reduction found when Foc was applied first and D. dipsaci was 

applied one week later. These results also show that co-infection of garlic plants by D. dipsaci 

and Foc increased incidence compared with either pathogen alone, and resulted in less than an 

additive effect. This result indicates that an additive interaction occurred between the two 

pathogens, since incidence was greater in the co-infected plants. The sequence of inoculation 

affected the disease severity index (bulb), and the type of interactive effect occurring between 

both pathogens. For instance, the plants sequentially inoculated with Foc prior to D. dipsaci 
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showed the least bulb damage compared with other concomitant infections, indicating an 

antagonistic effect. Whereas, in simultaneous inoculation D. dipsaci and Foc resulted in no effect 

of the added Foc on garlic plants.  Ditylenchus dipsaci caused more damage to bulbs than Foc.  

In sequential inoculation it appears that Foc affected the pathogenicity of D. dipsaci, and D. 

dipsaci did not affect the pathogenicity of Foc. No significant differences were found in the 

AUDPC of basal plate rot between simultaneous and sequential inoculations of D. dipsaci and 

Foc and the single inoculation of D. dipsaci on garlic.  

 Diseases caused by soilborne pathogens are usually triggered by the interaction between 

nematode, fungi and bacteria, in random or specific associations, infecting simultaneously or in 

succession, and showing cumulative interaction effects (Lakshman et al, 2017). The interactions 

between different pathogenic organisms, and the outcome of these interactions maybe 

synergistic, antagonistic or additive (Back et al., 2002).  Several studies involving nematode-

fungus association in plant disease complexes show that nematodes are the primary pathogen 

(Kumar et al., 2017; Meena et al., 2015). In these disease complexes, nematodes acted as 

wounding agents (Meena et al, 2015), host modifiers (Kumar et al, 2017) or rhizosphere 

modifiers (Bergeson, 1972).  

Stem and bulb nematode, Ditylenchus dipsaci is a migratory endoparasite and the fourth 

stage juvenile is the infective stage of the nematode. The nematode moves in a specific direction 

once it has received chemical stimuli through root exudates from a susceptible host plant 

(Klinger, 1972; Rasmann et al, 2012). The fourth stage juveniles penetrate the host plants from 

the vicinity of the basal plate and/or leaf base and destroy or weaken the plant as they enter and 

move and feed intracellularly throughout the plant (Jones et al, 2013). During infection 

Ditylenchus species secrete effector molecules such as expansins that are important for 
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parasitism. These effector molecules interact with plant proteins and manipulate them for their 

success (Haegerman et al, 2009).  As such, infection by nematodes can alter host responses to 

subsequent infection by other pathogenic microorganisms. Thus, the nematodes act as modifiers 

of infested tissue in such a way that the infested tissue and surrounding cells may become more 

suitable for fungal invasion.  

Infection by Fusarium species can occur through wounding or by direct penetration. The 

Fusarium species used in this study can penetrate garlic directly through the basal stem plate 

without mechanical injury, such as that provided D. dipsaci.  Hence, the role of D. dipsaci as an 

agent of predisposition in these interactions may be of secondary importance to its role as a 

rhizosphere or as a host modifier. Nonetheless, wounding caused by D. dipsaci may contribute to 

pathogenesis by Foc, since penetration by the nematode may facilitate earlier infection of the 

wounded plants. A study on gerbera (Gerbera jamesonii Hook) showed that Meloidogyne 

incognita infection caused susceptibility to the fungal pathogen Fusarium oxsporum f.sp. 

gerbera, resulting in increased severity and progression of wilt disease (Meena et al.2015), In an 

earlier experiment, Castillo et al (1998) examined the interaction between Pratylenchus thornei 

Sher & Allen and Fusarium oxysporum Schlechtend.: Fr. f.sp. ciceris (Padwick) Matuo & K. 

Sato on Fusarium wilt in chickpea (Cicer arietinum L.).  They found that Fusarium wilt was 

more severe when P. thornei inoculation preceded fungal inoculation of host plants by ten days, 

compared to plants inoculated simultaneously or with either pathogen alone. Thus, the potential 

mechanisms of the antagonistic interactions reported in this and earlier studies might be due to 

the fact that prior inoculation with endoparasitic nematodes such as Ditylenchus resulted in 

puncture wounds that provided numerous entry points for the fungal pathogen. 
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The intensity of disease caused by nematodes may be exacerbated in the presence of 

other microorganisms such as fungi and bacteria. Among the most common fungi found to be 

associated with Ditylenchus are the species Fusarium (Griffin, 1990), followed by Rhizoctonia 

solani (Kuhn) (Hillnhutter et al, 2011). The interaction with these pathogenic fungi leads to an 

increase in severity of disease, and a breakdown of resistance to pathogens. In the present study, 

both pathogens inoculated alone were able to cause basal plate rot symptoms, but the incubation 

period for disease development decreased. Disease severity (bulb) was greater when D. dipsaci 

and Foc were inoculated simultaneously, or when D. dipsaci was inoculated 7 days before Foc. 

In a similar experiment, Hillnhutter et al (2017) examined the interaction between Rhizoctonia 

crown and root rot disease of sugar beet (Beta vulgaris), caused by Rhizoctonia solani and 

Ditylenchus dipsaci. They found that plants inoculated with the nematode first developed beet rot 

symptoms earlier, and to a greater extent, compared to plants infected with either pathogen 

alone.  Similarly, watermelon plants co-inoculated with M. incognita and F. oxysporum f.sp. 

niveum developed wilt symptoms earlier compared with plants inoculated with either pathogen 

alone (Hua et al, 2019).  

The interaction of D. dipsaci and Foc on garlic showed that the pathogens inoculated 

simultaneously or sequentially significantly reduced plant height and fresh weights of shoots 

compared to the noninoculated control.  Similar results have been reported by other researchers. 

The interaction of Meloidogyne incognita and Fusarium oxysporum on black gram (Vigna 

mungo L.) showed that the pathogens inoculated simultaneously or sequentially significantly 

reduced plant height and fresh weights of shoots. In the same study, synergism was greater when 

M. incognitia inoculation was done seven days before F. oxysporum, compared with concomitant 

pathogen inoculation (Kumar et al, 2017). One explanation for the reduction in growth of garlic 
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maybe due to altered root exudates. Pathogen infection can alter root exudates, consequently 

causing changes in rhizosphere pH and the selective increase in antagonists or competitors 

(Abawi & Chen, 1998; Mckeen & Mountain, 1960). Available research shows that quality and 

quantity of root exudation influences microbial communities and activities in the rhizosphere and 

rhizoplane (Rasmann et al, 2011; Robinson, 2002). Root exudates have the ability to suppress 

fungistasis and stimulate germination of chlamydospores of Fusarium spp in the rhizosphere 

prior to their penetration of host tissues.  

Conversely, the plant may react to the nematode invasion by expressing defense 

reactions, such as cell wall thickening. This defense reaction might have restricted and/or 

prevented fungal penetration, thereby providing an explanation for the differences observed in 

inoculation sequences. Husey and Krusberg (1960) reported that following infection of D. 

dipsaci, wilt resistant varieties of pea (Pisum sativum) developed cork in the periphery of the 

cortex, as well as secondary cell wall thickening in the cortical cells adjacent to the cork.  

Both pathogens on their own were able to infect the host and cause symptom 

development, however, symptom development and progression varied with sequence of 

inoculations. In the current study, symptom development was observed seven days post 

inoculation in plants receiving concomitant inoculation (Table A3.7), and 14 (Table A3.8) and 

21 (Table A3.9) days for plants sequentially and singly inoculated with Fusarium oxysporum 

f.sp. cepae respectively. The 21-day duration for symptom development observed in the study is 

different from those of Rengwalska and Simon (1986) who reported symptoms development 35 

days after post infection in garlic seedlings. The different result might be attributed to differences 

in experimental methods.  On the other hand, symptom development was earlier in dually 

inoculated plants, suggesting an additive or synergistic interaction between both pathogens. 



141 

 

Lakshmam et al, (2017) observed synergistic interaction between Patylenchus penetrans (Cobb) 

and Rhizoctonia solani on lily (Lilium longiflorum) plants. They found that wilting appeared 

earlier and was more severe in dually inoculated plants than in plants inoculated with the fungus 

alone. In contrast, Shishido et al (2017) reported no interaction between M. incognita and 

Diaporthe sclerotioides on black root rot disease in watermelon (Citrullus lanatus) and bottle 

gourd (Lagenaria siceraria). The differences in these results may be attributed inoculum level 

used. By exposing eggplant (Solanum melongena L.) cv. Imperial Black Beauty to progressively 

lower amounts of Verticillium albo-atrrum R.& B. in the presence of P. penetrans, McKeen and 

Mountain (1960) showed that an optimum fungal inoculum is required for the development of 

synergistic interactions between fungus and nematode. They reported that using a fungal 

inoculum at 1/36 of the standard inoculum concentration, incidence of eggplant wilt was 80% for 

dual inoculated plants compared with 35% for the fungus alone. Additionally, a fungal inoculum 

of one half the standard inoculum suppressed the pathogenicity of the nematode.   

 It has been suggested that nematode populations are influenced by fungal pathogens in 

the same host. In the current study, D. dipsaci reproduction on garlic was highest when D. 

dipsaci was inoculated alone. This suggests that Foc has an antagonistic effect on D. dipsaci 

populations. The decrease in D. dipsaci reproduction factor seen in sequential inoculation in 

which the fungus was applied first is easier to explain, than in concomitant incoulation. This may 

be due to altered plant physiology, or the formation of a mycelia mat covering the basal plate. In 

response to infection by Foc, garlic plants would trigger defense responses, such as cell wall 

thickening.  The presence of mycelia mats overlaid on the basal stem plate makes fungal infected 

plants particularly unsuitable as infection courts for the nematodes. Thus, during its exploratory 

stage, D. dipsaci might have reduced nematode penetration and subsequent invasion of plant 
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tissues. Another reason, might be competition for available nutrients. McKeen and Mountain 

(1960) suggested that the lack of pathogenicity of the nematode P. penetrans in verticillium wilt 

of eggplant might be due to competition for nutrients between P. penetrans and V. albo-atrum.  

 

4.4 Conclusion 

The results of the study answered the question of whether combined infection of D. 

dipsaci and Foc results in synergistic, antagonistic or additive effects.  The effect of combined 

pathogen inoculation on plant growth parameters (shoot and bulb weight) was antagonistic. For 

disease incidence a no effect interaction was observed between both pathogens.  Also, it would 

appear that the type of interaction that exist is dependent on pathogens infecting simultaneously 

or in succession. While the mechanisms underlying the interaction between different phyla of 

phytopathogenic soil borne microorganisms is not fully understood, concomitant and sequential 

inoculation of D. dipsaci and Foc increased the incidence and severity of basal plate rot in garlic 

cv. ‘Marbled Purple’ Stripe in comparison to Foc alone. Finally, when Foc is applied prior to D. 

dipsaci, a suppressive effect is observed, indicating that the fungus is acting antagonistically 

towards the nematode. 

Since pot studies are limited in their design, and do not cover the complexity found under 

field conditions, field trials are required to further evaluate interactions between D. dipsaci and 

Foc. A more comprehensive study involving more garlic cultivars, multiple pathogen inoculum 

densities and longer growing durations is needed to clearly elucidate the types of interactions that 

occurs between D. dipsaci and Foc.  
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CHAPTER FIVE 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

Garlic is one of the main allium crops grown in Ontario, second only to bulb onions. Plant 

parasitic nematodes are known to cause damage to garlic and the most damaging nematode in 

Ontario garlic is Ditylenchus dipsaci (stem and bulb nematode).  This nematode is not host 

specific, which makes recommendations for management practices, such as crop rotation, more 

difficult.  

There are very few management techniques available for D. dipsaci in garlic, so finding 

suitable cultural and chemical products would improve control. A series of field experiments 

were conducted to identify suitable chemical and biological products and application techniques 

to reduce or eliminate the nematodes in infested garlic seed cloves.  Some effective products and 

application methods were identified. Applying fluopyram as a seed soak or drench was very 

effective for managing D. dipsaci in garlic.  In both muck and mineral soils, fluopyram reduced 

symptoms and also the number of D. dipsaci recovered from garlic tissue, as compared to most 

other treatments. Abamectin as a seed soak also reduced symptoms, and increased yield under 

some conditions.  The biological product, thyme oil, provided some control when the level of 

infestation of the cloves was relatively low, and when applied as a four-hour seed soak prior to 

planting. It was not effective as a drench.  Flufensulfone and aluminum phosphide did not 

effectively suppress D. dipsaci and resulted in high disease severity. 

In the present study, preplant sampling showed that the infestation level of D. dipsaci on 

muck soil was 560 nematodes/kg of soil which is higher than the damage threshold of 100 

nematodes/kg of dry soil. At the end of the study, nematode population density was below or 

equal to the preplant population densities only in fluopyram drench treated plots. Although 
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preplant sampling indicated the absence of D. dipsaci in mineral soil, nematode population 

densities were above the damage threshold in all treated plots at harvest. These results provide a 

good indicator for the effect of soil texture on nematode population, and are in agreement with 

the findings of other researchers, who found that the reproduction, survival and motility of 

nematodes are influenced by soil texture (Steinhorst, 1957; Wallace, 1962). Physical soil 

properties have a significant impact on the water holding capacity of soils and the soil matrix 

structure. The physical properties of the soil were correlated with nematode populations in garlic 

fields, with higher number of nematodes recovered from mineral soil compared to muck soil.  

Garlic growers can use crop rotation to reduce D. dipsaci population densities in soil by 

growing a nonhost crop that does not support nematode reproduction, or a poor host that only 

supports limited reproduction.  It has been suggested that, in the absence of a host to reproduce 

on, plant parasitic nematode populations decrease as a portion of the nematodes die or are eaten 

(Miyagawa & Lear, 1970; Williams-Woodward & Gray, 1999). Controlled environment trials 

were conducted to determine the host or non-host status of common rotation crops in Ontario, to 

determine crops that could be used in rotation with garlic.  Wheat and soybean reduced nematode 

population density in soil and the nematode did not reproduce on these crops, hence these could 

be useful in rotation.  Ditylenchus dipsaci population density was not suppressed by onion 

(LaSalle), carrot (Cellobunch), potato (Kennebec) or corn (Pioneer 1988AM), therefore these 

plants should not be used in rotation programmes with garlic. The results of thesis not only 

confirmed the results of earlier studies that found onion (Hajihassani et al, 2016), potato (Poirier 

et al, 2019), and carrot (Greco et al, 2002) are hosts, but also identified wheat and soybean as 

crops that may be used in rotation with garlic for managing D. dipsaci. Further studies are 

needed under field conditions to confirm the effectiveness of soybean and wheat in reducing D. 
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dipsaci population densities. Furthermore, evaluation and monitoring of a garlic- wheat- soybean 

rotation scheme in fields naturally infested with D. dipsaci will provide useful information to 

growers. 

Once D. dipsaci infest a field, it is not possible to eradicate them completely. Rather, the 

goals are to minimize crop damage, and keep population densities low, ideally at a level (<100 

nematode /kg of soil) where no crop loss occurs. The level of damage a plant parasitic nematode 

may cause in its host is dependent upon its initial population density, reproductive potential in 

the host plant, as well as environmental conditions (Barker and Olthof, 1976). Based on the 

results of our study, it is evident that high initial population densities in planting material resulted 

in reduced efficacy of some products tested, and this effect was influenced by soil type. For 

instance, using seed cloves with high seed clove infestation reduced the efficacy of abamectin in 

both muck and mineral soil. Thus, it is important to establish the nematode damage/economic 

threshold, for D. dipsaci planting material. Furthermore, bulb damage was greater in mineral soil 

compared with muck soil.   

 Nematode-fungus associations in plant disease complexes have been reported for several 

crops.  Griffin (1990) was the first to report such an association between Ditylenchus spp and 

Fusarium spp.  Little is known about the complexity of basal plate rot when D. dipsaci and Foc 

infect garlic plant simultaneously or sequentially. No effect and antagonistic effects of the 

combined pathogens were found in garlic cv. ‘Marbled Purple Stripe’ when inoculated under 

controlled environment conditions. Basal plate rot development was more severe when both 

pathogens were inoculated simultaneously than when Foc was applied seven days prior to D. 

dipsaci. These results demonstrate that the nematode predisposes garlic plants for entry of the 

fungus, which increases basal plate rot severity more than individual inoculation of Foc.  There 
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was an antagonistic interaction when Foc was inoculated one week before D. dipsaci. Disease 

incidence was greater when both pathogens co-infected the plant, than when either pathogen was 

present alone. This increase in incidence was confirmed to be a no effect interaction. Future 

research should be aimed at conducting comprehensive field surveys of garlic growing areas to 

ascertain the economic importance of nematode-fungus basal plate rot disease complex involving 

D. dipsaci and Foc. Further research could determine the influence of infection of each organism 

alone or in combination on the composition of root exudates, and how this influences infection 

and disease development.  

 One concern about the field trials is that the layout of the field plots resulted in untreated 

check plants too close to treated plants, resulting in movement of nematodes from dying 

untreated plants to other treatments.  This could have put increased pressure on some of the 

treatments that would not be found in a production field. One strength of this study is the 

methodology used for extracting and reporting nematode populations in soil.  To avoid issues 

associated with volumetric nematode counts in different textured soils (muck and mineral), we 

used texture specific conversion factors to convert the soil nematode population data into 

nematodes/kg dry soil. 

 The information obtained by this research will assist garlic growers as it provides 

them with the information on how to manage D. dipsaci in both muck and mineral soil. The field 

trials provided the first evidence of the efficacy of fluopyram on both muck and mineral soil. 

These trials also highlighted the impact of seed clove infestation level on product efficacy.  For 

instance, seed clove infestation levels did not affect the efficacy of fluopyram. However, product 

efficacy, manifested as reduced disease incidence and severity, and increased marketable yields 

were observed when thyme oil and nano-formulated abamectin were applied as four-hour soak 
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treatments to seed cloves with low nematode infestation level. Finally, these trials provide 

information that may be useful in obtaining the registration of fluopyram on garlic for the control 

of D. dipsaci. The research expanded the list of host plants, and identified nonhost plants that 

may be useful in rotation programmes with garlic.  Nonhost crops such as wheat and soybean 

were effective in reducing D. dipsaci population density and may have great potential in 

managing D. dipsaci and increasing garlic productivity in Ontario. By contrast, the host crops 

onion, corn, carrot and potato were ineffective in reducing D. dipsaci population density, thus, 

should not be used as rotation crops for managing D. dipsaci. Taken together, these two 

management strategies provide garlic growers with useful measures to manage D. dipsaci. A 

two-step approach is being recommended for growing garlic in a nematode infested field.  The 

first step is the application of fluopyram as a soil drench at planting.  After one year of garlic 

production, follow with the cultivation of soybean or wheat (non-host plants) in the field prior to 

the introduction of a second garlic crop. 

 Finally, results of pot studies showed that disease severity on the garlic bulbs was 

highest with simultaneous inoculation of D. dipsaci and Foc, and when the nematode was 

applied alone, and was very low when the fungus was applied 7 days before the nematode.  Thus, 

there was no synergism, but early infection by Foc reduced the development of basal plate rot, 

even compared to the fungus alone.  Thus, the combined infection of D. dipsaci and Foc, resulted 

in an antagonistic interaction manifested as greater disease incidence compared with either 

pathogen inoculated alone, but less than the additive effect. Symptoms on the leaves were not 

closely related to disease severity on the bulbs.  
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APPENDIX 

Supplementary information and tables used in chapter 2 

A.1.1: Laboratory result for nematode infestation level in garlic cv. ‘Music’ cloves used for 

planting in the 2016/2017 growing seasons 
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A.1.2: Laboratory result for nematode infestation level in garlic cv. “Music’ cloves used for 

planting in the 2017/2018 growing seasons 
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A.1.3: Laboratory result for nematode free (clean) garlic cv. ‘Music’ cloves used in the 

2017/2018 growing season 
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A.1.4: Laboratory results for nematode infestation level in muck soil used for planting in the 

2017/2018 growing seasons 
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A.1.5: Laboratory results for nematode infestation level in mineral soil used for planting in the 

2017/2018 growing seasons 
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A 1.6: Covariance parameters estimates for emergence among treatments in garlic cloves cv. 

‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 3.8880 4.2488   

Residual 45.6196 8.0501   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 6.46 <.0001 

Soil type 1 69 3.41 0.0690 

Treatment*soil type 11 69 1.34 0.2224 

 

A 1.7: Covariance parameters estimates for final stand count among treatments in garlic cloves 

cv. ‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 9.2777 9.2672   

Residual 58.3140 9.9887   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 31.17 <.0001 

Soil type 1 69 454.28 <.0001 

Treatment*soil type 11 69 7.88 <.0001 

 

A 1.8: Covariance parameters estimates for final plant height among treatments in garlic cloves 

cv. ‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 1.3534 1.9347   

Residual 26.7000 4.5540   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 19.51 <.0001 

Soil type 1 69 10.21 0.0022 

Treatment*soil type 11 69 1.73 0.0852 

 

 

A 1.9: Covariance parameters estimates for incidence among treatments in garlic cloves cv. 

‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 0 .   

Residual 86.2807 14.3801   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 9.78 <.0001 

Soil type 1 69 14.16 0.0003 

Treatment*soil type 11 69 3.00 0.0026 
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A 1.10: Covariance parameters estimates for incidence among treatments in garlic cloves cv. 

‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 12.6065 15.4928   

Residual 151.74 25.8334   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 36.28 <.0001 

Soil type 1 69 0.22 0.6418 

Treatment*soil type 11 69 12.40 <.0001 

  

A 1.11: Covariance parameters estimates for incidence among treatments in garlic cloves cv. 

‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 13.1504 21.7572   

Residual 320.42 54.5517   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 23.03 <.0001 

Soil type 1 69 0.37 0.5476 

Treatment*soil type 11 69 2.84 0.0040 

 

 

A 1.12: Covariance parameters estimates for disease severity index (bulb) among treatments in 

garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 2016/17 growing 

season 

Covariance parameter Estimate SE   

Block 11.8505 13.6343   

Residual 119.99 20.4286   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 34.52 <.0001 

Soil type 1 69 140.03 <.0001 

Treatment*soil type 11 69 2.17 0.0263 

 

A 1.13: Covariance parameters estimates for marketable yield among treatments in garlic cloves 

cv. ‘Music’ with two infestation levels on two different soil types, 2016/17 growing season 

Covariance parameter Estimate SE   

Block 4694.10 5050.12   

Residual 39424 6723.58   

Effect Num DF Den DF F value Pr>F 

Treatment 11 69 22.19 <.0001 

Soil type 1 69 8.2 <.0055 

Treatment*soil type 11 69 0.86 0.5847 
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A 1.14: Covariance parameters estimates for nematodes/gram of plant tissue among treatments 

in garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 2016/17 

growing season 

Covariance parameter Estimate SE   

Block     

Residual     

Effect Num DF Den DF F value Pr>F 

Treatment 11 69   

Soil type 1 69   

Treatment*soil type 11 69   

 

A.1.15: Covariance parameters estimates for emergence among treatments in garlic cloves cv. 

‘Music’ with two infestation levels on two different soil types, 2017/18 growing season 

Covariance parameter Estimate SE   

Block 0 .   

Residual 15.6269 2.3293   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 0.76 0.6644 

Soil type 1 87 6560.59 <.0001 

Treatment*soil type 8 87 0.60 0.7721 

Infestation level 1 87 3.36 0.0701 

Treatment *infestation level 3 87 0.07 0.9752 

Infestation level*soil type 1 87 3.84 0.0531 

Treatment*infestation level*soil type 3 87 0.39 0.7596 

 

 

A 1.16: Covariance parameters estimates for final stand count among treatments in garlic cloves 

cv. ‘Music’ with two infestation levels on two different soil types, 2017/18 growing season 

Covariance parameter Estimate SE   

Block 0 .   

Residual 17.2410 2.5710   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 2.93 0.0033 

Soil type 1 87 6047.09 <.0001 

Treatment*soil type 8 87 0.70 0.6928 

Infestation level 1 87 0.82 0.3690 

Treatment *infestation level 3 87 1.76 0.1605 

Infestation level*soil type 1 87 0.09 0.7641 

Treatment*infestation level*soil type 3 87 1.02 0.3876 
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A 1.17: Covariance parameters estimates for final plant height among treatments in garlic cloves 

cv. ‘Music’ with two infestation levels on two different soil types, 2017/18 growing season 

Covariance parameter Estimate SE   

Block 0.8418 1.2277   

Residual 19.7506 2.9878   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 24.20 <.0001 

Soil type 1 87 1.12 <.0001 

Treatment*soil type 8 87 1.10 0.1716 

Infestation level 1 87 32.10 0.2472 

Treatment *infestation level 3 87 0.86 0.3248 

Infestation level*soil type 1 87 0.01 0.8603 

Treatment*infestation level*soil type 3 87 0.10 0.4523 

 
 

A 1.18: Covariance parameters estimates for incidence collected on June 8, 2018 among 

treatments in garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 

2017/18 growing season 

Covariance parameter Estimate SE   

Block 2.2854 2.3564   

Residual 17.9523 2.7219   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 10.08 <.0001 

Soil type 1 87 1.87 0.1744 

Treatment*soil type 8 87 2.12 0.0425 

Infestation level 1 87 0.16 0.6870 

Treatment *infestation level 3 87 1.79 0.1559 

Infestation level*soil type 1 87 0.27 0.6069 

Treatment*infestation level*soil type 3 87 1.00 0.3983 
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A 1.19: Covariance parameters estimates for incidence collected on June 15, 2018 among 

treatments in garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 

2017/18 growing season 

Covariance parameter Estimate SE   

Block 12.0415 12.6674   

Residual 103.79 15.7362   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 42.25 <.0001 

Soil type 1 87 20.54 <.0001 

Treatment*soil type 8 87 6.56 <.0001 

Infestation level 1 87 1.73 0.1916 

Treatment *infestation level 3 87 1.52 0.2143 

Infestation level*soil type 1 87 0.17 0.6781 

Treatment*infestation level*soil type 3 87 0.38 0.7662 

 

A 1.20: Covariance parameters estimates for final incidence (June 28, 2018) among treatments in 

garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 2017/18 growing 

season 

Covariance parameter Estimate SE   

Block 20.9846 20.7793   

Residual 133.54 20.2471   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 46.60 <.0001 

Soil type 1 87 14.41 0.0003 

Treatment*soil type 8 87 12.68 <.0001 

Infestation level 1 87 0.23 0.6295 

Treatment *infestation level 3 87 2.23 0.0905 

Infestation level*soil type 1 87 0.00 0.9638 

Treatment*infestation level*soil type 3 87 0.65 0.5870 

 

A 1.21: Covariance parameters estimates for Disease severity index (bulb), 2018) among 

treatments in garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 

2017/18 growing season 

Covariance parameter Estimate SE   

Block 17.1441 19.3590   

Residual 196.04 29.7237   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 34.89 <.0001 

Soil type 1 87 17.22 <.0001 

Treatment*soil type 8 87 14.84 <.0001 

Infestation level 1 87 0.06 0.7996 

Treatment *infestation level 3 87 1.08 0.3626 

Infestation level*soil type 1 87 0.27 0.6028 

Treatment*infestation level*soil type 3 87 0.32 0.8102 
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A 1.22: Covariance parameters estimates marketable yield among treatments in garlic cloves cv. 

‘Music’ with two infestation levels on two different soil types, 2017/18 growing season 

Covariance parameter Estimate SE   

Block 0.003715 0.004029   

Residual 0.03643 0.005529   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 26.15 <.0001 

Soil type 1 87 98.26 <.0001 

Treatment*soil type 8 87 8.48 <.0001 

Infestation level 1 87 4.46 0.0376 

Treatment *infestation level 3 87 3.22 0.0265 

Infestation level*soil type 1 87 0.12 0.7264 

Treatment*infestation level*soil type 3 87 0.20 0.8984 

 
A 1.23: Covariance parameters estimates nematode recovered from soil among treatments in 

garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 2017/18 growing 

season 

Covariance parameter Estimate SE   

Block 2108.72 9084.18   

Residual 2668.15 404.54   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 8.82 <.0001 

Infestation level 1 87 7.14 0.0090 

Treatment*infestation 8 87 1.77 0.0943 

Soil type 1 87 4.59 0.0350 

Treatment *soil type 3 87 0.86 0.4660 

Infestation level*soil type 1 87 3.43 0.0675 

Treatment*infestation level*soil type 3 87 2.21 0.0927 

 
A 1.23: Covariance parameters estimates nematode recovered from plant tissue among 

treatments in garlic cloves cv. ‘Music’ with two infestation levels on two different soil types, 

2017/18 growing season 

Covariance parameter Estimate SE   

Block 12.6964 960.66   

Residual 34335 5205.92   

Effect Num DF Den DF F value Pr>F 

Treatment 10 87 15.32 <.0001 

Infestation level 1 87 0.23 0.6332 

Treatment*infestation 3 87 1.03 0.3822 

Soil type 1 87 8.32 0.0049 

Treatment *soil type 8 87 1.84 0.7099 

Infestation level*soil type 1 87 3.91 0.0513 

Treatment*infestation level*soil type 3 87 2.04 0.1147 
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A 1.24: Data from the Muck Crops Research Station 2016/17 field season 

Block Trt # Emergence Stand Height Incidence Incidence_2 Incidence_3 DSI MKB Soil_nema Plant_nema 

1 1 90 86.6 77.8 0 25.9 30.8 50 342.1 102 174 

2 1 90 63.3 77.7 4.3 65 84.2 80.7 0 144 647.8 

3 1 96.6 90 83.8 0 46.4 55.5 64.2 270.8 138 151.9 

4 1 96.6 83.3 72.7 26.7 37 52 67.1 123.1 112 303.7 

1 2 86.6 53.3 70.8 37 81.2 100 84.3 0 206 324.1 

2 2 73.3 40 67.73 47.6 76.9 83.3 79.1 0 217 180.8 

3 2 73.3 43.3 75.2 30 60 69.2 60.7 64 284 1106.3 

4 2 86.6 70 71.9 33.3 68.2 61.9 62.5 153.4 210 362.6 

1 3 96.6 90 82.6 0 0 7.4 6.4 1032.1 36 147 

2 3 93.3 86.6 85.7 7.1 7.4 7.7 22.9 774.2 25 354.7 

3 3 100 93.3 75.4 0 0 7.1 18.7 733.7 22 373.8 

4 3 90 86.6 82.5 7.7 7.4 11.5 7.6 1110.5 28 228.5 

1 4 86.6 60 66.1 8 57.9 61.1 83.3 0 151 1060.3 

2 4 86.6 60 70.1 40 77.8 89.5 65 29.1 177 1103.7 

3 4 90 63.3 54.7 24 78.3 89.5 61.1 92 189 948 

4 4 90 66.6 64.5 12.5 40.9 60 68.1 0 146 930.7 

1 5 86.6 70 67.5 23.1 47.6 52.4 81.2 0 824 196.8 

2 5 83.3 53.3 67.4 28.6 62.5 100 89.5 33.1 576 161.4 

3 5 86.6 66.6 73.1 8.3 66.7 95 85.4 0 688 303.4 

4 5 90 63.3 61.9 20 75 94.7 92.8 0 670 228.3 

1 6 100 100 89.4 0 6.7 6.7 16.3 1107.8 9 2.3 

2 6 100 96.6 85 0 10.3 20.7 19.4 946.9 15 11.3 

3 6 96.6 100 84.7 0 10 16.7 10.3 987.8 26 0 

4 6 90 90 79.4 0 7.4 7.4 0.9 967.8 0 0 

1 7 86.6 80 84.7 8 20.8 29.2 25 608.2 391 383.1 

2 7 86.6 73.3 84.6 11.1 34.8 63.6 8.3 528 540 358.2 

3 7 83.3 83.3 85.4 0 16 16 22.6 747 576 553.4 

4 7 90 83.3 77.5 0 12 20 40.9 446.4 557 481.2 
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1 8 96.6 70 68.7 28.6 30 47.6 71.6 52.3 1563 1396 

2 8 83.3 40 73.2 45.8 82.3 100 87.5 0 1025 1266.7 

3 8 86.6 73.3 73 8 39.1 50 80.5 74.7 1382 3731.4 

4 8 83.3 66.6 60 4 23.8 60 89 18.6 1270 856.8 

1 9 86.6 46.6 64.6 5.8 50 64.3 87.5 0 252 717 

2 9 86.6 60 70.2 14.3 30.4 72.2 75 24.7 344 352.1 

3 9 86.6 73.3 69.9 19.2 43.5 45.4 81.6 55.4 297 217.3 

4 9 100 80 77.8 11.1 36 50 77.9 87.3 276 324.8 

1 10 86.6 46.6 75.8 43.5 47.1 50 80.3 47.8 430 763.9 

2 10 90 73.3 67.5 26.9 59.1 81.8 78.8 57.9 264 367 

3 10 83.3 63.3 68.6 30.8 57.1 68.4 70 107.6 238 522.7 

4 10 93.3 63.3 72.8 40.7 52.6 89.5 60.4 163.5 341 541.2 

1 11 96.6 96.6 77.4 3.3 37.9 41.4 59.3 414.6 175 31.9 

2 11 96.6 93.3 77.8 7.1 24.1 60.7 42.8 611.4 152 77.7 

3 11 100 73.3 67.5 11.1 29.2 31.8 61.7 118.3 192 255.8 

4 11 93.3 86.6 78.5 11.1 37.9 61.5 48.8 455.5 186 139.5 

1 12 83.3 60 72.8 21.7 52.6 66.7 77.5 0 232 154.5 

2 12 90 60 77 32 60 88.9 60 221.6 393 520.1 

3 12 93.3 66.6 60.9 33.3 65 60 78.1 0 289 458.5 

4 12 83.3 56.6 66.9 40.9 52.9 88.2 90 0 371 392.7 
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A1.25: Data for mineral soil (Cookstown) 2016/2017 field season 

Block Trt #1 Emergence Stand Height Incidence Incidence_2 Incidence_3 DSI MKB Soil_nema Plant_nema 

1 1 63.3 60 84.7 0 5.5 11.1 81.9 43.7 1075 511.1 

2 1 100 96.6 83.6 0 3.3 44.8 90.1 0 1235 229.6 

3 1 96.6 90 81.7 3.6 14.8 85.2 95.1 0 985 219.5 

4 1 96.6 93.3 82.1 0 21.4 21.4 70.3 489.8 1050 407.7 

1 2 60 53.3 78.4 6.2 6.2 37.5 90 0 1223 245 

2 2 90 83.3 87.1 3.7 26.9 32 94.7 0 1430 296.3 

3 2 83.3 80 80.2 7.7 41.7 100 100 0 1087 292.5 

4 3 86.6 76.6 82.6 7.7 20.8 78 97.6 0 1224 266 

1 3 90 90 81.4 0 0 29.6 93.5 0 203 71.1 

2 3 90 80 98.7 3.8 4 0 60.4 400.1 108 49.6 

3 3 90 90 87.1 0 0 11.1 71.1 192.7 183 126.3 

4 4 93.3 90 93.4 0 3.6 3.7 31.5 1236 151 76.5 

1 4 66.6 60 68.1 5 22.2 72.2 94.1 0 483 370.1 

2 4 73.3 70 75.6 0 36.4 66.7 97.2 0 454 174.1 

3 4 76.6 70 73.4 0 21.7 38.1 81.9 0 392 152.6 

4 4 86.6 83.3 73.2 0 8 40 87.5 0 675 203 

1 5 83.3 83.3 65.3 0 60 100 100 0 2016  

2 5 80 43.3 70.7 8.7 100 100 100 0 1969  

3 5 73.3 56.6 71.8 39.1 91.3 100 100 0 1957  

4 5 73.3 63.3 70.2 28 90.5 100 100 0 1989  

1 6 83.3 83.3 86.7 0 0 4 67 332.3 42 14.1 

2 6 83.3 80 96.2 0 0 0 57.6 430 66 25.9 

3 6 86.6 86.6 94.3 0 0 0 25.9 1216.6 75 15.1 

4 6 93.3 86.6 98.4 0 0 0 23 1504.5 61 8.8 

1 7 86.6 83.3 76.1 14 28 20 90.6 0 92 130.8 

2 7 90 90 89.5 0 11.1 25.9 76 130 171 133 

3 7 96.6 93.3 88.1 7.1 3.6 25 68.7 468.9 186 80 

4 7 93.3 93.3 88.61 0 0 0 45.3 999.1 89 111.7 
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1 8 83.3 70 76.1 13 69.6 100 100 0 1269  

2 8 96.6 70 66.4 3.6 92.6 95.2 100 0 2423  

3 8 96.6 66.6 63.1 32.1 96 100 100 0 2568  

4 8 90 80 69.4 11.1 44.4 66.7 96.8 0 1957  

1 9 70 60 66 31.8 86.4 100 100 0 1553 276 

2 9 90 80 69.4 11.5 62 100 100 0 1339 194.3 

3 9 93.3 66.6 68.6 32.1 85 100 100 0 1976 157.5 

4 9 66.6 60 78.3 15.8 73.7 83.3 95.4 0 1622 205.3 

1 10 93.3 73.3 72.7 25 92.3 100 100 0 2152 150.1 

2 10 96.6 70 69.8 10.3 89.6 100 100 0 1980 167.1 

3 10 90 83.3 74.2 11.1 88 100 100 0 2002 548.7 

4 10 93.3 76.6 81.5 11.1 76 73.9 93.7 0 1992 138.7 

1 11 93.3 90 54.7 3.7 40.7 77.8 100 0 478 133.4 

2 11 100 100 74.5 0 0 3.3 95.8 0 470 78.9 

3 11 100 96.6 75.3 0 0 24.1 95.6 0 445 104.6 

4 11 93.3 96.6 76.5 0 0 6.9 62 312 438 92.6 

1 12 80 40 62.3 40 83.3 100 100 0 919  

2 12 86.6 33.3 65.5 36 83.3 100 100 0 845  

3 12 90 56.6 65 44 95.4 100 100 0 878  

4 12 96.6 86.6 74.4 7.2 75 100 100 0 893  
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Key 

Treatment # Treatment name Application method 

1 Abamectin soak 

2 Abamectin (nano) soak 

3 Fluopyram soak 

4 Fluensulfone soak 

5 Thyme oil soak 

6 Fluopyram drench 

7 Fluopyram soak+drench 

8 Abamectin (nano) drench 

9 Thyme oil drench 

10 Aluminum phosphide seed fumigant 

11 Clean seed --- 

12 Untreated seed ---- 

 

 

A1. 26: Data for Muck Crops Research Station 2017/2018 field season 

Block Trt #1  Infestation Emergence Stand Height Incidence Incidence_2 Incidence_3 DSI MKB soil_nema plant_nema 

1 1 no 96.6 90 83.3 34.4 58.6 92.5 54.1 335 150 130 

2 1 no 100 100 75.9 63.3 90 100 63.4 270 100 100 

3 1 no 76.6 100 71 46.6 66.6 80 64.7 105 50 115 

4 1 no 90 76.6 67.1 74.1 74.1 100 65 110 150 100 

1 2 low 96.6 76.6 79.8 75.9 75.8 78.2 75 50 250 250 

2 2 low 93.3 93.3 70 85.7 85.7 100 88.2 0 100 150 

3 2 low 90 60 71.6 81.5 85.1 100 88.4 0 150 350 

4 2 low 100 93.3 71.4 60 60 100 78.5 125 400 300 

1 3 moderate 93.3 83.3 69.0 64.3 71.4 80 75 0 150 30 

2 3 moderate 93.3 76.6 70.3 64.3 78.5 100 84.7 50 200 500 

3 3 moderate 100 90 66.4 83.3 100 100 88.4 60 220 400 

4 3 moderate 100 90 71.8 46.7 53.3 81.4 89.4 0 150 1500 
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1 4 low 80 80 78.4 58.3 66.6 66.6 51.2 320 100 300 

2 4 low 96.6 96.6 74 65.5 96.5 100 64.5 110 50 30 

3 4 low 96.6 96.6 75.5 37.9 75.8 79.3 39.5 375 100 135 

4 4 low 96.6 93.3 74.4 41.4 62.0 85.7 50 380 100 35 

1 5 moderate 93.3 80 83.2 35.7 75 91.6 52.5 225 300 40 

2 5 moderate 100 96.6 82.2 50 50 86.2 58.9 150 250 35 

3 5 moderate 100 90 76.5 43.3 73.3 77.7 71.4 226 150 130 

4 5 moderate 100 93.3 73.4 43.3 73.3 78.5 55.7 340 100 10 

1 6 low 96.6 96.6 84 34.5 75.8 75.8 34.4 660 200 80 

2 6 low 93.3 93.3 86.4 57.1 78.5 100 61.5 295 100 30 

3 6 low 96.6 90 73.1 41.4 72.4 100 30.2 350 250 155 

4 6 low 90 83.3 79.8 48.1 48.1 80 30.2 975 250 60 

1 7 low 100 93.3 79.7 50 60 78.5 71.2 135 100 200 

2 7 low 90 86.6 76.3 44.4 74.1 100 88.0 0 100 180 

3 7 low 93.3 83.3 72.1 35.7 71.4 88 85.8 75 300 180 

4 7 low 90 80 76.8 37 44.4 50 60.5 220 300 150 

1 8 low 96.6 90 77.5 27.5 55.1 59.2 41.3 465 150 120 

2 8 low 83.3 76.6 76.7 52 68 100 59.6 75 400 125 

3 8 low 96.6 86.6 72.6 68.9 82.7 100 61.8 180 400 65 

4 8 low 96.6 86.6 75 51.7 51.7 80.7 45.4 576 300 115 

1 9 low 86.6 86.6 88.1 0 7.6 15.3 10.5 1365 100 0 

2 9 low 100 100 81.5 0 6.6 13.3 22.5 1290 50 0 

3 9 low 90 93.3 77.7 0 0 21.4 3.5 1135 50 10 

4 9 low 100 96.6 84.2 10 33.3 44.8 22.4 1215 100 5 

1 10 moderate 100 93.3 84.5 26.6 33.3 39.2 16.9 1215 50 10 

2 10 moderate 100 100 74.7 0 0 16.6 16.6 1025 50 5 

3 10 moderate 93.3 100 76.7 0 17.8 20 17.5 1100 50 5 

4 10 moderate 96.6 93.3 78.7 0 24.1 35.7 13.3 930 100 0 

1 11 low 83.3 83.3 89.4 12 20 32 12.5 1200 50 10 

2 11 low 96.6 93.3 88.5 0 0 10.7 8 1685 50 0 

3 11 low 100 100 78.1 0 0 10 5 1380 50 0 
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4 11 low 90 86.6 82.7 0 0 15.3 12.5 1485 0 0 

1 12 moderate 100 100 86.4 0 0 0 4.3 1670 0 10 

2 12 moderate 96.6 93.3 90.9 0 0 17.8 30.7 960 0 5 

3 12 moderate 93.3 93.3 78.3 0 0 14.2 13.3 1100 0 0 

4 12 moderate 96.6 90 86.6 0 5 18.5 29.8 1000 50 5 

1 13 low 96.6 100 81.8 0 0 0 7.5 1565 0 10 

2 13 low 100 100 78.4 0 0 0 4.3 1265 50 15 

3 13 low 100 100 77 0 0 0 3.3 1045 50 5 

4 13 low 100 100 83.3 0 0 0 0.8 1285 50 10 

1 14 no 93.3 93.3 80 7.1 25 39.2 11.1 1165 0 10 

2 14 no 93.3 93.3 78 10.7 17.8 25 9.2 1105 50 10 

3 14 no 100 100 79.8 0 0 0 3.3 1330 50 5 

4 14 no 93.3 90 79.8 0 0 11.1 8.3 1295 50 10 

 

 

A1. 27: Data for mineral soil (Cookstown) 2017/2018 field season 

Block Trt # Infestation Emergence Stand Height Incidence Incidence_2 Incidence_3 DSI MKB Soil_nema Plant_nema 

1 1 no 96.7 96.5 79.9 62 34.4 35.7 7.4 1165 50 115 

2 1 no 86.7 96.1 66.8 38.4 42.3 48 11.9 950 250 250 

3 1 no 100 86.7 74.5 66.7 33.3 42.3 4.3 860 500 60 

4 1 no 100 83.3 74.8 70 46.6 56 17.3 960 150 85 

1 2 low 96.7 100 76.1 62 79.3 79.3 54.4 270 200 875 

2 2 low 93.3 100 60.4 71.4 89.2 100 57.4 200 150 625 

3 2 low 83.3 100 70.8 52 72 80 73.9 150 350 800 

4 2 low 76.7 100 72.1 36.6 63.3 73.3 16.6 1160 500 510 

1 3 moderate 96.7 100 71.4 44.8 68.9 86.2 65.5 265 750 700 

2 3 moderate 90 100 73.3 66.6 77.7 81.4 68.5 235 450 165 

3 3 moderate 96.7 100 75.1 24.1 51.7 68.9 58.3 315 150 750 

4 3 moderate 96.7 100 69.9 34.4 48.2 68.9 58.9 220 550 330 
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1 4 low 96.7 100 81.8 41.3 17.2 17.2 3.4 1390 150 180 

2 4 low 100 100 78.14 30 33.3 36.6 10.8 1645 50 110 

3 4 low 100 96.7 74.7 23.3 50 51.7 21.2 1085 100 815 

4 4 low 100 100 69.9 20 43.3 50 17.5 1175 200 800 

1 5 moderate 96.7 96.5 81.5 31 37.9 39.2 9.8 1345 300 450 

2 5 moderate 93.3 100 77 17.8 21.4 35.7 6.4 1325 100 100 

3 5 moderate 93.3 100 79 21.4 39.2 53.5 10.7 1505 150 115 

4 5 moderate 96.7 100 81 34.4 20.6 20.6 10.3 1490 50 275 

1 6 low 93.3 100 75 14.2 35.7 64.2 12.5 1275 100 300 

2 6 low 100 100 73.1 13.3 36.6 50 6.6 1530 150 450 

3 6 low 100 100 81.3 0 26.6 33.3 19.1 1485 50 400 

4 6 low 90 100 82.2 0 22.2 22.2 6.4 1515 100 200 

1 7 low 100 96.7 68.6 40 66.6 79.3 63.7 370 250 200 

2 7 low 93.3 100 62.3 39.2 64.2 85.7 33 1010 200 350 

3 7 low 86.7 100 74.2 19.2 46.1 53.8 48.1 570 250 1250 

4 7 low 96.7 100 76 0 13.7 17.2 55.3 465 400 1050 

1 8 low 80 100 77.8 33.3 50 48 36 700 50 375 

2 8 low 86.7 100 71 23 38.4 53.8 28.8 730 300 400 

3 8 low 96.7 96.5 72.8 55.1 48.2 50 17.3 1195 100 350 

4 8 low 93.3 100 84.6 0 17.2 27.5 9.4 1575 450 450 

1 9 low 96.7 100 82.9 6.8 0 6.8 2.5 1620 50 5 

2 9 low 100 100 80.9 0 0 3.3 1.6 1980 50 20 

3 9 low 100 100 88.4 0 0 6.6 4.1 1745 100 15 

4 9 low 93.3 100 90.1 0 0 13.7 4.1 2195 50 5 

1 10 moderate 100 100 81.9 0 10 23.3 10.8 1325 550 30 

2 10 moderate 100 100 78.7 0 23.3 36.6 11.6 1590 250 10 

3 10 moderate 96.7 100 82.3 6.8 27.5 37.9 7.7 1445 200 10 

4 10 moderate 100 96.7 88.6 0 0 6.6 6.6 1625 100 5 

1 11 low 100 100 78.7 0 6.6 6.6 6.6 1370 100 0 

2 11 low 86.7 100 77.4 15.3 30.7 50 12.5 1340 50 5 

3 11 low 100 100 77.8 0 6.6 26.6 9.1 1330 0 0 
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4 11 low 100 100 83.5 0 13.3 33.3 7.5 1920 50 0 

1 12 moderate 96.7 100 75.7 0 13.7 34.4 9.4 1225 50 0 

2 12 moderate 100 100 80.4 0 16.6 33.3 9.1 1450 50 5 

3 12 moderate 100 100 75 10 23.3 33.3 10.9 1295 50 0 

4 12 moderate 90 100 74.6 0 0 18.5 8.3 1235 50 0 

1 13 low 100 100 80.4 23.3 23.3 33.3 6.6 1450 50 10 

2 13 low 96.7 100 78.7 13.7 37.9 55.5 17.5 1245 100 5 

3 13 low 90 100 75.8 0 18.5 33.3 12.9 1545 50 20 

4 13 low 100 100 77.1 0 20 43.3 10 1555 0 10 

1 14 no 96.7 96.5 80 27.5 51.7 78.5 11.2 1365 50 50 

2 14 no 90 100 68.5 51.8 34.4 44.8 12.9 885 50 45 

3 14 no 83.3 100 80.1 28 40.7 56 21 940 50 65 

4 14 no 96.7 100 83 17.2 34.4 24.1 7.7 1250 100 40 

1 15 moderate 86.7 100 72.6 42.3 51.7 51.7 43.2 665 200 600 

2 15 moderate 96.7 100 68.4 31 44.8 62.9 23.1 880 200 725 

3 15 moderate 96.7 100 72.6 34.4 44.8 80 26.8 755 150 600 

4 15 moderate 100 93.3 78.4 13.3 50 68.9 40.5 775 450 400 

1 16 moderate 93.3 92.8 61.5 64.2 57.1 80 34 365 300 1000 

2 16 moderate 86.7 100 68.3 46.1 53.8 72 19 1035 50 950 

3 16 moderate 96.7 100 74.9 34.4 34.4 40 22.5 1095 100 850 

4 16 moderate 90 100 74.4 14.8 25.9 37 11.1 1270 100 700 
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KEY 
 

Treatment # Treatment Name Seed clove infestation  Application method 

1 Clean seed none --- 

2 Untreated seed low ---- 

3 Untreated moderate ---- 

4 Abamectin low soak 

5 Abamectin moderate soak 

6 Abamectin (nano) low soak 

7 Thyme oil low drench 

8 Thyme oil low soak 

9 Fluopyram low soak 

10 Fluopyram moderate soak 

11 Fluopyram low drench 

12 Fluopyram moderate drench 

13 Fluopyram low Soak+drench 

14 Clean seed + fluopyram none drench 

15 Abamectin moderate drench 

16 Abamectin (nano) moderate drench 
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Supplementary information and tables used in chapter 3 

A 2.1: Molecular identification of the nematode used in the study 
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A2.2: Covariance parameters estimates for initial plant height among treatments as affected by 

inoculation with 100 fourth stage Ditylenchus dipsaci/kg of pasteurized muck’ with two 

repetitions 

Covariance 

parameter 

Estimate SE   

Block 0    

Residual 5.9386 0.9163   

Effect Num Df Den Df F value Pr>F 

Treatment 13 81 999.03 <0.0001 

Repetition 1 81 28.32 <0.0001 

Treatment*Repetition 13 81 5.32 <0.0001 

 

 

 

A2.3: Covariance parameters estimates for change in initial plant height among treatments as 

affected by inoculation with 100 fourth stage Ditylenchus dipsaci/kg of pasteurized muck’ with 

two repetitions 

Covariance 

parameter 

Estimate SE   

Block 0    

Residual 0.009197 0.002007   

Effect Num Df Den Df F value Pr>F 

Treatment 6 39 26.35 <0.0001 

Repetition 1 39 0.30 0.5889 

Treatment*Repetition 6 39 11.37 <0.0001 

 

 

 

A2.4: Covariance parameters estimates for final plant height among treatments as affected by 

inoculation with 100 fourth stage Ditylenchus dipsaci/kg of pasteurized muck’ with two 

repetitions 

Covariance 

parameter 

Estimate SE   

Block 0.3063 1.9589   

Residual 57.6790 9.0634   

Effect Num Df Den Df F value Pr>F 

Treatment 13 81 468.82 <0.0001 

Repetition 1 81 2.46 0.1207 

Treatment*Repetition 13 81 2.52 0.0061 
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A.2.5: Covariance parameters estimates for change final plant height among treatments as 

affected by inoculation with 100 fourth stage Ditylenchus dipsaci/kg of pasteurized muck’ with 

two repetitions 

Covariance 

parameter 

Estimate SE   

Block 0.003363 0.003751   

Residual 0.01706 0.003862   

Effect Num Df Den Df F value Pr>F 

Treatment 6 39 19.16 <0.0001 

Repetition 1 39 0.39 0.5361 

Treatment*Repetition 6 39 1.80 0.1236 

 

 

A2.6: Covariance parameters estimates shoot fresh weight among treatments as affected by 

inoculation with 100 fourth stage Ditylenchus dipsaci/kg of pasteurized muck’ with two 

repetitions 

Covariance 

parameter 

Estimate SE   

Block 0 .   

Residual 103.78 16.0142   

Effect Num Df Den Df F value Pr>F 

Treatment 13 81 904.40 <0.0001 

Repetition 1 81 0.54 0.4629 

Treatment*Repetition 13 81 7.97 <0.0001 

 

 

A2.7: Covariance parameters estimates for change in shoot fresh weight as affected by 

inoculation with 100 fourth stage Ditylenchus dipsaci/kg of pasteurized muck’ with two 

repetitions 

Covariance parameter Estimate SE   

Block 0.000710 0.004917   

Residual 0.7198 0.01630   

Effect Num DF Den DF F value Pr>F 

Treatment 6 39 4.70 0.0011 

Repetition 1 39 30.18 <0.0001 

Treatment*Repetition 6 39 2.01 0.0869 
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A2.8: Covariance parameters estimates for nematode recovered from plant tissue among 

treatments two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 29.9345 5.8776   

Effect Num DF Den DF F value Pr>F 

Treatment 6 39 143.13 <0.0001 

Repetition 1 39 7.31 0.0101 

Treatment*Repetition 6 39 7.97 <0.0001 

 

 

 

A2.9: Covariance parameters estimates for soil nematode population among treatments in 

greenhouse trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 78924 15189   

Effect Num DF Den DF F value Pr>F 

Treatment 8 51 64.61 <0.0001 

Repetition 1 51 15.38 0.0003 

Treatment*Repetition 8 51 8.78 <0.0001 

 

 

A 2.10: Covariance parameters estimates for final nematode population among treatments in 

greenhouse trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 79167 1523   

Effect Num DF Den DF F value Pr>F 

Treatment 8 51 90.67 <0.0001 

Repetition 1 51 12.09 0.0010 

Treatment*Repetition 8 51 7.72 <0.0001 

 

A 2.11: Covariance parameters estimates for nematode reproduction factor (Rf) among 

treatments in greenhouse trial with two repetitions 

Covariance 

parameter 

Estimate SE   

Block 0    

Residual 0.4948 0.9522   

Effect Num Df Den Df F value Pr>F 

Treatment 8 51 90.67 <0.0001 

Repetition 1 51 12.09 0.0010 

Treatment*Repetition 8 51 7.72 <0.0001 
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A2.12: Plant growth parameter measurements for greenhouse trials. 

Block Repeat Plant 

Plant height 

(initial) 

Plant height 

(final) 

Shoot 

Fresh 

weight 

Shoot dry 

weight 

1 one carrot_c 17.5 48.2 54 6.2 

2 one carrot_c 19 41.2 48.3 6.6 

3 one carrot_c 23 54.6 54 7.5 

4 one carrot_c 21.25 51 62.3 7.1 

1 one carrot_t 17.35 48.8 26.3 2.9 

2 one carrot_t 17.15 47.2 34.5 3.7 

3 one carrot_t 15.125 49.4 27.4 2.9 

4 one carrot_t 13.75 51.7 28.3 3.1 

1 one corn_c 101.5 207 339.8 63.6 

2 one corn_c 103 210.1 352.5 73.3 

3 one corn_c 98.5 232.1 381.6 80.9 

4 one corn_c 105.7 207.5 310.6 60 

1 one corn_t 96.7 204.7 277.1 40.1 

2 one corn_t 97.3 213.4 265.3 49.8 

3 one corn_t 104.3 212.4 278.2 45.6 

4 one corn_t 90.6 210.6 251.2 37.7 

1 one garlic_c 23.9 38.6 10.6 3.4 

2 one garlic_c 21 44.2 10.7 2.7 

3 one garlic_c 23.3 43.1 12.8 5.1 

4 one garlic_c 24 36.3 14.6 4.9 

1 one garlic_t 24 15.7 1.9  
2 one garlic_t 20.8 38 7.3 0.3 

3 one garlic_t 19.1 19.7 4.8 0.2 

4 one garlic_t 17 30.3 4.7  
1 one onion_c 23.2 53.5 9.8 0.7 

2 one onion_c 20.9 62 12.6 0.5 

3 one onion_c 21 55.8 9.7 0.6 

4 one onion_c 24.5 62.9 22.5 1.4 

1 one onion_t 16.4 32.7 1.9  
2 one onion_t 22.6 34.2 2  
3 one onion_t 18.725 43.7 6.6 1.1 

4 one onion_t 16.8 34.3 2.3  
1 one potato_c 35.7 66.5 152.5 14.9 

2 one potato_c 34.7 80.8 171.9 15.7 

3 one potato_c 37.2 68.6 160.6 15.4 

4 one potato_c 39 66.1 126.9 13.6 

1 one potato_t 40.8 74.9 109.5 9.2 

2 one potato_t 42.9 79.5 112.9 10.1 
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3 one potato_t 45 65.6 87.2 8.1 

4 one potato_t 50.4 53.7 83.8 8.1 

1 one soyabean_c 30.7 98 65.6 15.7 

2 one soyabean_c 35.3 91.1 53.6 12.2 

3 one soyabean_c 37.5 89.1 53.5 11.6 

4 one soyabean_c 32.3 92.3 53.4 13.15 

1 one soybean_t 29.5 100.3 17.8 3.3 

2 one soybean_t 28.9 129.2 20.4 4 

3 one soybean_t 40.4 107.6 18.6 4.5 

4 one soybean_t 34.5 126.2 27.1 6.1 

1 one wheat_c 51.7 71.8 23.1 4.7 

2 one wheat_c 46.5 72 32.6 4.4 

3 one wheat_c 49.5 72.8 21.4 5 

4 one wheat_c 51.7 70.7 33.6 6.7 

1 one wheat_t 47.7 70.5 18.4 1.9 

2 one wheat_t 45.8 75.9 17.9 2.3 

3 one wheat_t 46.8 73.5 15.1 1.8 

4 one wheat_t 48.6 78.2 21.1 3.1 

1 two carrot_c 18 44.6 34.8 4.7 

2 two carrot_c 17.7 45.2 24.2 4.2 

3 two carrot_c 18.4 47.3 29.8 4.2 

4 two carrot_c 18.6 47 32.2 3.6 

1 two carrot_t 17 52.4 34.4 4.3 

2 two carrot_t 16.4 52.2 32.9 3.9 

3 two carrot_t 16.8 37.2 45.1 5.8 

4 two carrot_t 16.3 49.9 34.1 3.8 

1 two corn_c 96 189.6 361.5 70.2 

2 two corn_c 97.3 198.2 346.5 71.6 

3 two corn_c 99.5 203.2 335.2 68.7 

4 two corn_c 97.6 199.2 355.3 71.5 

1 two corn_t 94.3 218.7 329.8 73.9 

2 two corn_t 96 213 290.3 66.6 

3 two corn_t 93.2 209.4 314.2 65.4 

4 two corn_t 95.8 210.6 310.9 63.2 

1 two garlic_c 26.2 52.3 29.4 5.5 

2 two garlic_c 24 47.3 15.5 5.2 

3 two garlic_c 23.3 42.8 16.3 3.5 

4 two garlic_c 23.6 49.4 18.2 4.3 

1 two garlic_t 13.2 25.7 15.2 3.5 

2 two garlic_t 13.1 34 19.7 2.45 

3 two garlic_t 12.5 19 3.4  
4 two garlic_t 14 28.5 14.8 2.1 

1 two onion_c 19.7 42 9 0.2 
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2 two onion_c 20.2 48.2 10.1 0.5 

3 two onion_c 20.4 46.9 12 0.3 

4 two onion_c 20.7 43.3 12.5 0.5 

1 two onion_t 15.2 24.3 1.5  
2 two onion_t 12.5 35.8 9.9 0.3 

3 two onion_t 13.5 34 3.9  
4 two onion_t 13.8 36.3 2.5  
1 two potato_c 34.1 62.3 98.2 11.1 

2 two potato_c 35.3 72.1 120.2 12.3 

3 two potato_c 32.2 68.8 106.2 11 

4 two potato_c 33.3 59.6 115.9 12.3 

1 two potato_t 38 59.3 103.3 9.7 

2 two potato_t 36 60.9 68.2 7.3 

3 two potato_t 34.8 64.7 99.9 10.3 

4 two potato_t 33.8 63.6 99.6 9.3 

1 two soyabean_c 29.8 137.7 42.5 9.7 

2 two soyabean_c 29.4 92.1 28.1 8.4 

3 two soyabean_c 31.6 113.6 35.1 7.4 

4 two soyabean_c 30.4 95.6 19.5 5.6 

1 two soybean_t 37.3 99.6 27.2 6 

2 two soybean_t 38.6 123.7 35.8 8.5 

3 two soybean_t 43.2 92.9 29.3 6.9 

4 two soybean_t 44 104.3 36.5 8.3 

1 two wheat_c 47.1 76.2 22.5 4.9 

2 two wheat_c 46.6 69 18.1 4.5 

3 two wheat_c 42.9 70.3 22.8 4.3 

4 two wheat_c 46.7 73.7 16.6 4.2 

1 two wheat_t 45.8 73.5 32.4 6.6 

2 two wheat_t 45.1 75.6 23.7 4.3 

3 two wheat_t 47.1 74.3 16.5 2.2 

4 two wheat_t 46.4 72.2 21.6 3.6 

 

A2.13: Nematode recovered from 10 grams of fresh plant tissue. 

Block Repeat Treatment Plant Rf Value 

1 1 carrot 50 0.50000 

2 1 carrot 0 0.00000 

3 1 carrot 150 1.50000 

4 1 carrot 50 0.50000 

1 1 corn 50 0.50000 

2 1 corn 150 1.50000 
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Block Repeat Treatment Plant Rf Value 

3 1 corn 100 1.00000 

4 1 corn 50 0.50000 

1 1 garlic 400 4.00000 

2 1 garlic 350 3.50000 

3 1 garlic 400 4.00000 

4 1 garlic 500 5.00000 

1 1 onion 550 5.50000 

2 1 onion 400 4.00000 

3 1 onion 450 4.50000 

4 1 onion 400 4.00000 

1 1 potato 150 1.50000 

2 1 potato 100 1.00000 

3 1 potato 100 1.00000 

4 1 potato 50 0.50000 

1 1 soybean 0 0.00000 

2 1 soybean 0 0.00000 

3 1 soybean 0 0.00000 

4 1 soybean 0 0.00000 

1 1 wheat 0 0.00000 

2 1 wheat 0 0.00000 

3 1 wheat 0 0.00000 

4 1 wheat 0 0.00000 

1 2 carrot 100 1.00000 

2 2 carrot 50 0.50000 

3 2 carrot 50 0.50000 

4 2 carrot 150 1.50000 

1 2 corn 100 1.00000 

2 2 corn 150 1.50000 

3 2 corn 100 1.00000 

4 2 corn 100 1.00000 

1 2 garlic 300 3.00000 

2 2 garlic 400 4.00000 

3 2 garlic 300 3.00000 

4 2 garlic 400 4.00000 
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Block Repeat Treatment Plant Rf Value 

1 2 onion 800 8.00000 

2 2 onion 750 7.50000 

3 2 onion 600 6.00000 

4 2 onion 700 7.00000 

1 2 potato 150 1.50000 

2 2 potato 100 1.00000 

3 2 potato 0 0.00000 

4 2 potato 200 2.00000 

1 2 soybean 0 0.00000 

2 2 soybean 0 0.00000 

3 2 soybean 0 0.00000 

4 2 soybean 0 0.00000 

1 2 wheat 0 0.00000 

2 2 wheat 0 0.00000 

3 2 wheat 0 0.00000 

4 2 wheat 0 0.000000 

 

A 2.14: Nematode recovered from soil 

Block Repeat Treatment soil RF value 

1 1 carrot 380 3.80 

2 1 carrot 460 4.60 

3 1 carrot 500 5.00 

4 1 carrot 270 2.70 

1 1 corn 160 1.60 

2 1 corn 200 2.00 

3 1 corn 130 1.30 

4 1 corn 240 2.40 

1 1 garlic 400 4.00 

2 1 garlic 500 5.00 

3 1 garlic 500 5.00 

4 1 garlic 550 5.50 

1 1 J4 200 2.00 

2 1 J4 160 1.60 
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Block Repeat Treatment soil RF value 

3 1 J4 230 2.30 

4 1 J4 150 1.50 

1 1 MDS 250 2.50 

2 1 MDS 300 3.00 

3 1 MDS 280 2.80 

4 1 MDS 220 2.20 

1 1 onion 500 5.00 

2 1 onion 700 7.00 

3 1 onion 600 6.00 

4 1 onion 600 6.00 

1 1 potato 400 4.00 

2 1 potato 500 5.00 

3 1 potato 360 3.60 

4 1 potato 360 3.60 

1 1 soybean 50 0.50 

2 1 Soybean 80 0.80 

3 1 Soybean 40 0.40 

4 1 Soybean 40 0.40 

1 1 wheat 60 0.60 

2 1 wheat 70 0.70 

3 1 wheat 60 0.60 

4 1 wheat 70 0.70 

1 2 carrot 260 2.60 

2 2 carrot 260 2.60 

3 2 carrot 255 2.55 

4 2 carrot 250 2.50 

1 2 corn 80 0.80 

2 2 corn 85 0.85 

3 2 corn 70 0.70 

4 2 corn 65 0.65 

1 2 garlic 200 2.00 

2 2 garlic 105 1.05 

3 2 garlic 95 0.95 

4 2 garlic 125 1.25 



204 

 

Block Repeat Treatment soil RF value 

1 2 J4 75 0.75 

2 2 J4 95 0.95 

3 2 J4 100 1.00 

4 2 J4 115 1.15 

1 2 MDS 130 1.30 

2 2 MDS 125 1.25 

3 2 MDS 135 1.35 

4 2 MDS 120 1.20 

1 2 onion 205 2.05 

2 2 onion 100 1.00 

3 2 onion 215 2.15 

4 2 onion 160 1.60 

1 2 potato 150 1.50 

2 2 potato 175 1.75 

3 2 potato 160 1.60 

4 2 potato 205 2.05 

1 2 soybean 60 0.60 

2 2 soybean 15 0.15 

3 2 soybean 10 0.10 

4 2 soybean 20 0.20 

1 2 wheat 30 0.30 

2 2 wheat 40 0.40 

3 2 wheat 35 0.35 

4 2 wheat 25 0.25 

 
  



205 

 

SUPPLEMENTARY INFORMATION AND TABLES FOR CHAPTER 
FOUR 

A.3.1: Analysis of soils used in chapters 3 (muck) and 4 (mineral) 

 
A.3.2: Molecular identification of fungal pathogen used in the study 
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A3.3: Covariance parameters estimates for plant height among treatments in growth room trial 

with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 1.9139 0.4511   

Effect Num Df Den Df F value Pr>F 

Treatment 5 33 197.35 <0.0001 

Repeat 1 33 9.43 0.0043 

Treatment*Repeat 5 33 2.04 0.0985 

 

 

A3.4: Covariance parameters estimates for shoot fresh weight among treatments in growth room 

trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 6.9507 1.6383   

Effect Num Df Den Df F value Pr>F 

Treatment 5 33 33.73 <0.0001 

Repeat 1 33 1.26 0.2698 

Treatment*Repeat 5 33 0.05 0.9984 

 

 

A3.5: Covariance parameters estimates for shoot dry weight among treatments in growth room 

trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 0.9762 0.02301   

Effect Num Df Den Df F value Pr>F 

Treatment 5 33 16.64 <0.0001 

Repeat 1 33 2.71 0.1089 

Treatment*Repeat 5 33 1.15 0.3545 

 

A3.6: Covariance parameters estimates for bulb weight among treatments in growth room trial 

with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 1.1014 0.2596   

Effect Num Df Den Df F value Pr>F 

Treatment 5 33 16.70 <0.0001 

Repeat 1 33 0.82 0.3706 

Treatment*Repeat 5 33 1.04 0.4104 
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A3.7: Covariance parameters estimates for disease incidence (7 Days post inoculation) among 

treatments in growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 129.37 33.4033   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 3.43 0.0217 

Repeat 1 27 0.00 1.0000 

Treatment*Repeat 4 27 0.00 1.0000 

 

 

A3.8: Covariance parameters estimates for disease incidence (14 days post inoculation) among 

treatments in growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 2.1030 35.0086   

Residual 387.79 105.54   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 10.46 <0.0001 

Repeat 1 27 0.00 1.0000 

Treatment*Repeat 4 27 0.00 1.0000 

  

 

A3.9: Covariance parameters estimates for disease incidence (21 days post inoculation) among 

treatments in growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 55.4814 82.5626   

Residual 445.41 121.22   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 2.25 0.0903 

Repeat 1 27 0.00 1.000 

Treatment*Repeat 4 27 0.00 1.000 

 

 

A3.10: Covariance parameters estimates for disease incidence (28 days post inoculation) among 

treatments in growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 20.5350 24.2690   

Residual 90.3540 24.5912   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 20.25 <0.0001 

Repeat 1 27 0.00 1.0000 

Treatment*Repeat 4 27 0.00 1.0000 
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A3.11: Covariance parameters estimates for disease severity index (leaf) among treatments in 

growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 5.6929 9.5772   

Residual 58.7222 15.9822   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 10.26 <0.0001 

Repeat 1 27 0.31 0.5836 

Treatment*Repeat 4 27 1.96 0.1296 

 

 

A3.12: Covariance parameters estimates for disease severity index (bulb) among treatments in 

growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 0.4572 4.4780   

Residual 47.8967 13.0358   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 76.75 <0.0001 

Repeat 1 27 0.06 0.8015 

Treatment*Repeat 4 27 0.06 0.9919 

 

A3.13: Covariance parameters estimates for AUDPC among treatments in growth room trial 

with two repetitions 

Covariance parameter Estimate SE   

Block 4623.40 8565.72   

Residual 56943 15498   

Effect Num Df Den Df F value Pr>F 

Treatment 4 27 9.08 <0.0001 

Repeat 1 27 0.00 1.0000 

Treatment*Repeat 4 27 0.00 1.0000 

 

 

A3.14: Covariance parameters estimates for nematode recovered from plant tissue among 

treatments in growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 5208.33 1503.52   

Effect Num Df Den Df F value Pr>F 

Treatment 3 21 26.14 <0.0001 

Repeat 1 21 0.54 0.4706 

Treatment*Repeat 3 21 1.02 0.4037 
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A3.15: Covariance parameters estimates for nematode recovered from soil among treatments in 

growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 1101.19 2477.46   

Residual 14810 4570.55   

Effect Num Df Den Df F value Pr>F 

Treatment 3 21 24.48 <0.0001 

Repeat 1 21 0.01 0.9428 

Treatment*Repeat 3 21 2.34 0.1025 

 

 

A3.16: Covariance parameters estimates for nematode reproduction factor (RF) among 

treatments in growth room trial with two repetitions 

Covariance parameter Estimate SE   

Block 0 .   

Residual 0.1901 0.05488   

Effect Num Df Den Df F value Pr>F 

Treatment 3 21 54.99 <0.0001 

Repeat 1 21 0.22 0.6411 

Treatment*Repeat 3 21 1.42 0.2658 

 

A3.17: Plant growth parameters 

 

Treatment Block Repeat Height Bulb FW Shoot_FW Shoot_DW 

CONTROL 1 1 62.8333 11.8000 33.8333 3.66667 

CONTROL 2 1 66.6667 14.5667 30.6333 3.16667 

CONTROL 3 1 67.0000 11.6333 34.2000 3.36667 

CONTROL 4 1 63.6667 14.8333 28.9667 3.70000 

FOC 1 1 50.2000 10.9000 21.0333 2.83333 

FOC 2 1 50.4000 10.3333 21.6667 3.26667 

FOC 3 1 50.0000 11.0667 19.3000 2.73333 

FOC 4 1 49.7000 9.6667 20.8000 2.76667 

FOC 1ST 1 1 48.9333 11.4667 10.6000 3.13333 

FOC 1ST 2 1 47.7000 8.2000 17.2333 2.66667 

FOC 1ST 3 1 53.0000 11.1333 20.6667 3.16667 

FOC 1ST 4 1 49.9333 11.2333 21.4667 2.60000 

SBN 1 1 50.4333 9.3000 23.5667 3.16667 

SBN 2 1 51.4667 11.8667 21.0000 3.40000 

SBN 3 1 51.9000 7.8333 18.9667 2.26667 

SBN 4 1 49.5000 9.6000 19.7333 2.70000 
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Treatment Block Repeat Height Bulb FW Shoot_FW Shoot_DW 

SBN 1ST 1 1 48.5333 9.7333 22.0333 2.73333 

SBN 1ST 2 1 51.0333 10.1667 17.3333 2.80000 

SBN 1ST 3 1 46.3333 12.2333 20.8333 3.13333 

SBN 1ST 4 1 48.0000 10.4667 21.5000 3.16667 

SBN+FOC 1 1 50.7000 10.5667 18.6667 2.60000 

SBN+FOC 2 1 49.2000 10.8667 15.3000 2.13333 

SBN+FOC 3 1 49.1000 8.8333 16.7000 2.36667 

SBN+FOC 4 1 50.2000 9.7667 19.6000 2.70000 

CONTROL 1 2 64.4000 13.2000 32.1667 4.16667 

CONTROL 2 2 67.0667 15.6000 30.7667 3.26667 

CONTROL 3 2 68.2000 14.1333 32.4333 3.70000 

CONTROL 4 2 65.4667 15.3333 30.0667 3.96667 

FOC 1 2 49.7333 10.6667 21.3667 2.60000 

FOC 2 2 50.1667 10.4667 21.6333 3.26667 

FOC 3 2 49.5333 11.3333 19.4667 2.93333 

FOC 4 2 49.2333 11.2667 19.5333 2.46667 

FOC 1ST 1 2 47.8667 12.0333 10.3333 2.73333 

FOC 1ST 2 2 45.4333 10.3667 14.2667 2.46667 

FOC 1ST 3 2 48.2000 11.2333 19.8000 2.93333 

FOC 1ST 4 2 48.6000 10.3333 21.1667 2.40000 

SBN 1 2 48.7333 9.6667 23.2667 2.96667 

SBN 2 2 49.0000 10.4333 20.1000 2.93333 

SBN 3 2 47.5333 10.2000 17.0667 2.10000 

SBN 4 2 48.9667 10.2000 17.7667 2.53333 

SBN 1ST 1 2 47.7000 9.2667 19.8333 2.63333 

SBN 1ST 2 2 47.2667 9.8333 17.7333 2.23333 

SBN 1ST 3 2 44.7333 10.4333 19.0667 2.73333 

SBN 1ST 4 2 46.8333 9.5667 20.4000 2.80000 

SBN+FOC 1 2 47.1333 9.8667 18.2667 2.36667 

SBN+FOC 2 2 48.0333 9.6333 15.7667 2.10000 

SBN+FOC 3 2 48.9333 9.2667 15.1667 2.10000 

SBN+FOC 4 2 48.2333 10.3333 17.7000 2.26667 
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A3. 18: Disease incidence, AUDPC and disease severity index (leaf and bulb) 

 

Treatment Block repeat incidence_1 incidence_2 incidence_3 incidence_4 AUDPC DSI_leaf DSI_bulb 

Foc 1 1 0.0 0.0 66.7 66.7 700.35 48.0000 33.3333 

Foc 2 1 0.0 0.0 66.7 66.7 700.35 35.8696 11.1111 

Foc 3 1 0.0 0.0 33.3 66.7 466.55 34.6154 22.2222 

Foc 4 1 0.0 0.0 33.3 66.7 466.55 25.0000 22.2222 

Foc+SBN 1 1 0.0 33.3 66.7 100.0 1050.00 53.7500 55.5556 

Foc+SBN 2 1 33.3 66.7 33.3 100.0 1166.55 63.3333 66.6667 

Foc+SBN 3 1 33.3 100.0 33.3 100.0 1399.65 70.8333 55.5556 

Foc+SBN 4 1 0.0 33.3 66.7 100.0 1050.00 66.6667 66.6667 

Foc_first 1 1 0.0 33.3 33.3 66.7 699.65 51.1905 11.1111 

Foc_first 2 1 0.0 66.7 100.0 100.0 1516.90 47.9167 11.1111 

Foc_first 3 1 0.0 33.3 66.7 100.0 1050.00 54.5455 11.1111 

Foc_first 4 1 0.0 33.3 66.7 100.0 1050.00 47.2222 0.0000 

SBN_first 1 1 0.0 66.7 100.0 100.0 1516.90 51.1364 33.3333 

SBN_first 2 1 0.0 66.7 100.0 100.0 1516.90 54.7619 33.3333 

SBN_first 3 1 0.0 33.3 66.7 100.0 1050.00 61.1111 33.3333 

SBN_first 4 1 0.0 33.3 33.3 100.0 816.20 54.1667 33.3333 

SBN 1 1 33.3 33.3 66.7 66.7 1050.00 30.0000 55.5556 

SBN 2 1 0.0 33.3 66.7 66.7 933.45 48.6842 44.4444 

SBN 3 1 0.0 33.3 66.7 66.7 933.45 50.0000 44.4444 

SBN 4 1 0.0 66.7 66.7 100.0 1283.80 38.0435 66.6667 

Foc 1 2 0.0 0.0 66.7 66.7 700.35 50.0000 33.3333 

Foc 2 2 0.0 0.0 66.7 66.7 700.35 39.2857 22.2222 
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Treatment Block repeat incidence_1 incidence_2 incidence_3 incidence_4 AUDPC DSI_leaf DSI_bulb 

Foc 3 2 0.0 0.0 33.3 66.7 466.55 40.9091 22.2222 

Foc 4 2 0.0 0.0 33.3 66.7 466.55 42.7083 22.2222 

Foc+SBN 1 2 0.0 33.3 66.7 100.0 1050.00 40.0000 55.5556 

Foc+SBN 2 2 33.3 66.7 33.3 100.0 1166.55 36.6667 66.6667 

Foc+SBN 3 2 33.3 100.0 33.3 100.0 1399.65 70.8333 55.5556 

Foc+SBN 4 2 0.0 33.3 66.7 100.0 1050.00 55.9524 66.6667 

Foc_first 1 2 0.0 33.3 33.3 66.7 699.65 53.1250 11.1111 

Foc_first 2 2 0.0 66.7 100.0 100.0 1516.90 47.9167 11.1111 

Foc_first 3 2 0.0 33.3 66.7 100.0 1050.00 54.5455 11.1111 

Foc_first 4 2 0.0 33.3 66.7 100.0 1050.00 47.2222 0.0000 

SBN_first 1 2 0.0 66.7 100.0 100.0 1516.90 57.9545 33.3333 

SBN_first 2 2 0.0 66.7 100.0 100.0 1516.90 58.3333 33.3333 

SBN_first 3 2 0.0 33.3 66.7 100.0 1050.00 59.7222 33.3333 

SBN_first 4 2 0.0 33.3 33.3 100.0 816.20 54.1667 33.3333 

SBN 1 2 33.3 33.3 66.7 66.7 1050.00 25.0000 55.5556 

SBN 2 2 0.0 33.3 66.7 66.7 933.45 48.6842 44.4444 

SBN 3 2 0.0 33.3 66.7 66.7 933.45 38.8889 44.4444 

SBN 4 2 0.0 66.7 66.7 100.0 1283.80 38.0435 66.6667 
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A 3.19: Nematode recovered from plant tissue and soil 
 

Treatment Block Repeat plant_nema soil_nema RF 

FOC 1ST 1 1 250 600 2.50000 

FOC 1ST 2 1 300 700 3.00000 

FOC 1ST 3 1 400 550 4.00000 

FOC 1ST 4 1 300 650 3.0000 

SBN 1 1 600 1300 6.00000 

SBN 2 1 550 1350 5.50000 

SBN 3 1 450 1350 4.50000 

SBN 4 1 700 1100 7.00000 

SBN 1ST 1 1 550 1000 5.50000 

SBN 1ST 2 1 400 1050 4.00000 

SBN 1ST 3 1 450 1000 4.50000 

SBN 1ST 4 1 400 650 4.00000 

SBN+FOC 1 1 300 900 3.00000 

SBN+FOC 2 1 300 850 3.00000 

SBN+FOC 3 1 400 800 4.00000 

SBN+FOC 4 1 450 750 4.50000 

FOC 1ST 1 2 200 800 2.00000 

FOC 1ST 2 2 350 650 3.50000 

FOC 1ST 3 2 150 700 1.50000 

FOC 1ST 4 2 250 650 2.50000 

SBN 1 2 550 900 5.50000 

SBN 2 2 550 1000 5.50000 

SBN 3 2 600 1150 6.00000 

SBN 4 2 700 1250 7.00000 

SBN 1ST 1 2 350 1100 3.50000 

SBN 1ST 2 2 400 1050 4.00000 

SBN 1ST 3 2 450 900 4.50000 

SBN 1ST 4 2 400 850 4.00000 

SBN+FOC 1 2 350 900 3.50000 

SBN+FOC 2 2 350 1100 3.50000 

SBN+FOC 3 2 450 700 4.50000 

SBN+FOC 4 2 400 850 4.00000 

 


