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The objectives of this study were to determine the effect of three different pesticides, 

three tomato cultivars, and two mustard biofumigants on the establishment and survival of 

four species of arbuscular mycorrhizal fungi (Acaulospora capsicula, A. laevis, Funneliformis 

mosseae and Scutellospora calospora).   In vitro spore germination of the four AMF species 

at standard rates of two fungicides (carbendazim and captan), the insecticide chlorpyrifos, 

or water (control) was observed weekly for 21 days.  After 21 days higher germination was 

observed for S. calospora spores compared with F. mosseae, A. capsicula and A. laevis, but 

no differences were observed between the pesticide treatments and the control.  The 

response of the four AMF species to carbendazim applied as a foliar spray, and captan and 

chlorpyrifos applied as soil drenches, was tested by examining the presence/ absence of 

colonisation (18 days post application) in tomato roots samples, grown in low P potting 

mix.  Tomato growth responses (shoot height and diameter and root and shoot dry weight) 

were also measured.  Fewer tomato roots treated with carbendazim and captan were 

colonised compared with chlorpyrifos and non-treatment control.  A second experiment 

observed the response of two AMF species (F. mosseae and S. calospora) to the three 

pesticides on tomatoes grown in silt loam harvested at 10 and 28 days post application.  At 

the first harvest there were no differences in tomato growth in response to the pesticide 

treatments, but the plants inoculated with AMF were larger than the non-inoculated 

controls in all tomato growth measures.  Scutellospora calospora root colonisation at the 

first harvest was negatively affected by carbendazim and chlorpyrifos compared to F. 

mosseae.   At the second harvest growth measures were affected by both AMF species and 

pesticides, with all showing increased growth in the AMF inoculated tomatoes compared to 

the control, and most showed increased growth in response to carbendazim and 

chlorpyrifos compared to captan and the non-treatment control.  At the second harvest F. 

mosseae had fewer colonised roots than S. calospora and the non-inoculated control, and 

the chlorpyrifos treatment decreased colonisation overall. The effect of the four species of 

arbuscular mycorrhizal fungi on three cultivars of tomato, Moneymaker and Aunt Ruby’s 

German Green and Sweet 100 was studied by examining growth responses and the 

presence/ absence of colonisation of root samples after 6 and 9 weeks. AMF had no effect 

on tomato growth at 6 weeks, but at 9 weeks shoot dry weights were lower for F. mosseae 

and S. calospora.  Root colonisation in Sweet 100 was higher than Moneymaker and Aunt 

Ruby’s German Green.  Two mustards (Caliente 199 and Brassica juncea) were grown in silt 
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loam for 35 days before being mulched and incorporated into the top 100 mm of silt loam 

in 4 L containers.  AMF spores, sealed in micromesh bags, were buried at within the mulch 

layer (50 mm deep) and below the mulch layer (150 mm deep) for 14 days before being 

recovered and tested for in vitro germination, their ability to colonise and effect on the 

growth of Moneymaker tomatoes.  Fewer Acaulospora capsicula spores were recovered in 

the Caliente 199 and mustard treatments compared with the non-treatment control. 

Germination of A. capsicula spores recovered from below the mulch was higher than for 

those recovered from within the mulch, whilst the opposite was seen for A. laevis. Spores 

buried below the mulch in the mustard treatment produced taller tomato plants than 

spores in the Caliente 199 and non-treatment control; and spores buried within the mulch 

had taller plants than the spores buried below the mulch in the Caliente 199 treatment, but 

no other differences in tomato growth were observed.  A higher number of roots were 

colonised by AMF spores recovered after burial within the mulch compared with below the 

mulch.  This study has demonstrated the resilience of arbuscular mycorrhizal fungi and 

mycorrhizal associations to horticultural management practices.  Neither the pesticides or 

biofumigant treatments had any permanent effect on the AMF species, nor did the three 

cultivars show affiliation for a particular AMF species.   
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Chapter 1: Introduction 

1.1 Mycorrhiza 

All living organisms interact with their environment and with each other.  Symbiosis 

is a relationship in which the partners live in a state of physical and physiological 

equilibrium and mutually benefit from each other (Srivastava et al., 1996).  Many 

soil fungi become associated with the roots of terrestrial plants and some form 

symbiotic relationships.  Those fungi that regularly associate internally and 

externally with roots and rhizomes are called mycorrhizal fungi and the association 

is termed a mycorrhiza, “myco” meaning fungus and “rhiza” meaning roots (Bold et 

al., 1987).  The fungus obtains carbohydrates from the host plants roots and the 

fungal mycelium, which connects to the roots and extends into the soil, providing 

the host plant with an increased capacity to absorb water and essential nutrients 

(Bold et al., 1987; Auge et al., 1986; Entry et al., 2002).   

There are seven main types of mycorrhizal association involving different fungal 

groups and host plants, which have distinct morphologies. These are: 

ectomycorrhizae, ericoid, orchid, ectendomycorrhizae, arbutoid, monotropoid and 

arbuscular (Brundrett et al., 1996).  Ectomycorrhizae, in which the fungus forms a 

mantle around the host plants roots, and a Hartig net between root cells, usually 

involve basdiomycete and ascomycete fungi.  Ectomycorrhizae usually form in 

temperate coniferous or broadleaved forests.  The hosts are usually trees or shrubs, 

but a few herbaceous plants form ectomycorrhizal associations (Brundrett et al., 

1996).  Orchid mycorrhizae are associated with Orchidaceae plants and these fungi 

form coils of hyphae within the roots and stems of orchids (Srivastava et al., 1996; 

Brundrett et al., 1996).  Ectendomycorrhizae are confined to Pinus and Larix species 

and are characterized by the unique combination of a fungal mantle and 

intracellular hyphae (Yu et al., 2001).  Ericoid, arbutoid and monotropoid mycorrhiza 

all form with plants in the Ericales (Mühlmann and Göbl, 2006).  Ericoid mycorrhizae 

produce hyphal coils in outer cells of narrow ‘hair roots’ of Ericales plants (Brundrett 

et al., 1996).    Arbutoid mycorrhizae form between basidiomycete fungi and ericoid 

plants (usually from the genera Arbutus, Arctostaphylos and Arctous). The fungal 

partners are often the same ones associated with ectomycorrhizae, and they 

produce intracellular hyphae in the epidermal cells of the root as well as a fungal 

mantle and Hartig net.  The difference between ectomycorrhizae and arbutoid 
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mycorrhizae is that in the latter the fungal partner actually penetrates and forms 

coils within the outer cortical cells of the host roots (Mühlmann and Göbl, 2006).  

Monotropoid mycorrhizae are associated with non-photosynthetic plants in the 

Monotropoideae (Ericaceae).  These plants have little or no chlorophyll of their own 

and obtain fixed carbon from a neighbouring photosynthetic plant via a shared 

mycorrhizal fungus (Bidartondo and Bruns, 2002).   

Arbuscular mycorrhizae are formed by glomeromycete fungi penetrating the cortical 

root cells of plants and forming hyphae, arbuscules and vesicles within the host root.  

Arbuscular mycorrhizal associations are ubiquitous in terrestrial ecosystems and 

form symbiotic relationships with the majority of plant species.  They are the most 

common form in horticultural soils and crops, and are usually found in the top 15-30 

cm of soil (Srivastava et al., 1996).  These mycorrhizal associations are vitally 

important and without them many plants would not survive, especially those 

growing in nutrient poor soils. These fungi can absorb far more phosphorus, and 

other essential nutrients, such as nitrogen, zinc and sulphur (Cooper and Tinker, 

1978; Chen et al., 2003; Hodge et al., 2001; Govindarajulu et al., 2005) than the host 

plant (Bold et al., 1987). 

1.1.1 Arbuscular mycorrhizal fungi 

The fungi of the Glomeromycota mostly form internal mycorrhizal associations with 

terrestrial plants by penetrating the cortical cells of the plant roots forming feathery 

haustoria-like lobes called arbuscules (Bold et al., 1987), although there are a few 

exceptions.  Therefore, these fungi are called arbuscular mycorrhizal fungi (AMF) 

and they form mutually beneficial symbiotic relationships with 66- 80% of all 

terrestrial plant species, which are as divergent as mosses, grasses and trees, and 

they are found in almost every terrestrial ecosystem.  Examination of fossil plants 

from the Devonian era indicates that the AMF association existed approximately 400 

million years ago, when plants first colonized land (Heinemeyer and Fitter, 2004; 

Ridgway et al., 2008; Vierheilig et al., 1998; Bold et al., 1987; Harrison, 1999).  

Although AMF are obligate biotrophs they are not host specific, but different species 

and even different isolates of the same species can show markedly different 

responses to different hosts and AMF communities have been observed to vary 

significantly with different hosts and in different ecosystems (Becerra et al., 2011).     
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Structure and physiology 

Arbuscular mycorrhizal fungi form large multinucleate asexual resting spores.  In the 

presence of root exudates and volatiles released by a host plants roots, such as CO2, 

spores germinate with the hyphae growing in a negatively geotrophic fashion until it 

contacts a host plant’s roots.  Root exudates elicit extensive hyphal branching as the 

hyphae near a host’s root.  This extensive hyphal branching does not happen in the 

presence of non-host plants  (Harrison, 1999; Brundrett et al., 1996).  When AMF 

colonise the roots of their host plant they form appressoria at the entry point 

(Figure 1.1), either between adjacent epidermal cells on the root surface or by 

penetration of an epidermal or root hair cell wall; the hyphae penetrate through 

these cells and branch in the outer cortex of the root (Harrison, 1999; Brundrett et 

al., 1996).   

  

Figure 1.1: Entry point of Scutellospora calospora hyphae into tomato root.  Digital photo 
taken with Leica Application Suite Las EZ at 400X magnification. 

Once the hyphae have penetrated the root the internal development of the fungus 

is influenced by the host plant.  Morphology of the fungal growth within the host 

forms two main patterns first described in 1905; coiling and linear associations.  The 

linear association (also called Arum after the plant species it was first described in) 

Entry point 
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has hyphae that grow longitudinally in the hosts root cortex through the intercellular 

spaces.  In some instances the fungus will penetrate and form hyphal coils in the 

exodermal cell walls as it passes through (Figure 1.2).  In host plants with no 

longitudinal intercellular air spaces, the AMF forms a coiling association (also called 

Paris after the plant species it was first described in) in which hyphae form a 

convoluted path as they coil through the root cortex cells (Harrison, 1999; 

www.mycorrhizas.info/vam.html).    

 

Figure 1.2: Hyphal coils (indicated by arrow) in a tomato root exodermal cell.  Digital photo 
taken with Leica Application Suite Las EZ at 400X magnification. 

Dichotomously branched arbuscules form within the cortical cells (Figure 1.3), 

however the arbuscule remains essentially apoplastic as the host plants plasma 

membrane extends completely around it (Harrison, 1999; Brundrett et al., 1996).  It 

is thought that nutrients exchange with the host via the arbuscule is facilitated by 

the large surface area interface with the host’s plasma membrane; however this has 

not been proven.  Arbuscules are very ephemeral collapsing and decaying after only 

a few days, but leaving the host cell undamaged (www.mycorrhizas.info/vam.html; 

www.microbiologyprocedure.com/population-interactions/vam-fungi.html; 

Harrison, 1999; Brundrett et al., 1996; Morton and Benny, 1990).  

Hyphal coils 
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Figure 1.3: An entry point, arbuscules and hyphae of Acaulospora laevis within a tomato 
root.  Digital photo taken with Leica Application Suite Las EZ at 400X magnification. 

 

 

 

Figure 1.4: Vesicles (indicated by arrows) produced by (A) Funneliformis mosseae and (B) 
Acaulospora capsicula.  Digital photo taken with Leica Application Suite Las EZ at 400X 

magnification.     

Some species of AMF produce vesicles within the root of the host plant.  Vesicles are 

hyphal swellings and may be intercellular or intracellular.  They are filled with lipids 

and cytoplasm and are believed to act as a storage reserve for the fungal partner.  

Vesicles can develop thick walls as they age and may act as propagules 

Arbuscules 

Hyphae 

Entry point 

A 

B 

Vesicles 
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(www.mycorrhizas.info/vam.html; Harrison, 1999; Brundrett et al., 1996; Morton 

and Benny, 1990).  Vesicles can vary considerably in appearance depending on the 

AMF species (Figure 1.4). 

After the fungus has colonised the root cortex of its host, an extensive network of 

extraradicle mycelia develops in the soil.  From the fungal entry point on the host 

plant a net of fine fungal hyphae spread out from the root surface into the 

surrounding soil.  The external mycelium of the fungus is important for the 

acquisition and translocation of nutrients from the soil to the host, colonisation of 

more roots (not necessarily from the same plant) and the production of spores.  The 

hyphae are smaller in diameter than fine root hairs, and can spread out past the 

range of the root hairs and access smaller pore spaces, thus increasing the host 

plant’s access to a larger pool of nutrients and water (Harrison, 1999).  Auxiliary cells 

are clusters of hyphal swellings on extraradicle hyphae, similar to vesicles produced 

by the genera Gigaspora, Scutellospora and Pacispora, but they do not appear to act 

as propagules (www.agro.ar.szczecin.pl/~; www.mycorrhizas.info/vam.html).     

Taxonomy  

Although the structure and function of arbuscules is clearly what unites the 

members of this group of fungi, traditionally the classification of arbuscular 

mycorrhizal fungi has been based on the structure of soil-borne asexual spores, as 

sexual structures remain unconfirmed, and genetic analysis suggests that the fungi 

are asexual and reproduce clonally.   

The fungi of the class Glomeromycetes of the phylum Glomeromycota were thought 

until recently to be more closely related to the phyla Ascomycota and Basidiomycota 

than to the Zygomycota (Schüβler et al., 2001). However recent studies using 

molecular techniques have led to the reclassification of the phylum.  There are now 

four orders of the Glomeromycetes, the Archaeosporales, Diversisporales, 

Glomerales, and Paraglomerales, comprising eleven families and eighteen genera.  

Many of the characteristics of spore development, spore phenotype and spore 

germination are unique to Glomeromycetes, particularly the large resting spores 

that are multinucleate, which  may contain thousands of nuclei per spore in some 

species (Krüger et al., 2012; www.plantandsoil.wvu.edu/research_areas/invam, 

2013; Schüβler and Walker, 2010; Hart and Reader, 2002; Schüβler et al., 2001; 

Brundrett et al., 1996; Harrison, 1999; Morton and Benny, 1990).  AMF have some of 
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the largest asexual fungal spores known, from 20-1000+ μm in diameter depending 

on the species (www.mycorrhizas.info/vam.html).     

The order Glomerales consists of the families Glomeraceae and 

Claroideoglomeraceae.  The Glomeraceae was recently split from one genus into 

four genera based on DNA evidence: Glomus, Funneliformis, Sclerocystis and 

Rhizophagus.  Fungi of the genus Glomus produce colourless glomoid spores at or 

near the soil surface.  Funneliformis species produce either coloured glomoid spores 

in clusters of 1-20 spores surrounded by a mycelial mantle or ectocarpic spores 

singly or in clusters.  Sclerocystis species produce colourless glomoid spores in 

sporocarps that have a peridium.  Rhizophagus species produce spores either singly 

or in clusters in the soil, or within the roots or rhizoids of the host plant.  

Claroideoglomeraceae consists of one genus, Clarideoglomus, which produces 

cream to brown coloured globose to subglobose spores on subtending hyphae.   

Fungi of the order Diversisporales consist of five families (Acaulosporaceae, 

Diversisporaceae, Entrophosporaceae, Gigasporaceae and Pacisporaceae) that form 

mycorrhiza with arbuscules, but often lack vesicles.  The family Acaulosporaceae has 

one genus, Acaulospora.  The Acaulospora species produce spores laterally on the 

neck of a sporiferous saccule (acaulosporioid).  The family Diversisporaceae consists 

of three genera, Diversispora, Otospora and Redeckera. Fungi in the Otospora 

produce acaulosporioid spores, whereas Diversispora produces glomoid spores at 

the tip of sporogenous hyphae, like members of the family Glomeraceae, and 

Redeckera forms glomoid spores in a large sporocarp with a peridium.  

Entrophosporaceae consists of a single genus, Entrophospora that produces 

entrophosporioid spores.  Gigasporaceae consists of three genera, Gigaspora, 

Racocetra and Scutellospora, which all produce spores from a bulbous base on 

sporogenous hyphae (gigasporioid).  Racocetra and Scutellospora have not yet been 

resolved satisfactorily.  Scutellospora calospora is the type species for a clade that 

diverges from most other Scutellospora species and Racocetra (Krüger et al., 2012).  

The genus Racocetra may be further separated with on-going taxonomic work.  The 

family Pacisporaceae has a single genus, Pacispora that produces spores blastically 

at the tip of a sporogenous hypha.  The order Paraglomerales form arbuscular 

mycorrhiza, rarely with vesicles and has a single family, Paraglomeraceae, with a 

single genus, Paraglomus, which produces colourless glomoid spores.  Fungi of the 
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order Archaeosporales do not all form arbuscular mycorrhiza.  The single member of 

the family Geosiphonaceae, Geosiphon pyriformis, forms endocytosymbioses with 

bluegreen algae of the genus Nostoc.  All the other members of the 

Archaeosporales, consisting of two families (Archaeosporaceae and Ambisporaceae), 

and two genera (Archaeospora in the Archaeosporaceae and Ambispora in the 

Ambisporaceae), form arbuscular mycorrhiza with or without vesicles.  The fungi of 

this order produce colourless glomoid or acaulosporioid spores that do not react to 

Melzer`s reagent. They are produced singly or in clusters, on or under the soil 

(Krüger et al., 2012; Schüβler and Walker, 2010; www.agro.ar.szczecin.pl/~).  

The internal development of the fungus is influenced by the plant partner, and a 

single species may show considerable variation in morphology in different hosts 

(Harrison, 1999). 

Identification of Species Used in this Study 

Four species of AMF were used in this study; two species of Acaulospora, A. 

capsicula and A. laevis, Funneliformis mosseae (syn. Glomus mosseae) and 

Scutellospora calospora.  These four species were used as they were readily 

available in culture at Lincoln University. 

Acaulospora species spores form on subtending hyphae (saccule neck) of a 

sporiferous saccule.  As the spore matures the saccule may eventually slough off the 

spore.  Acaulospora capsicula spores are globose to subglobose, orange-brown to 

dark red-brown in colour, and range in size over180-380 μm, with a mean size of 279 

μm.  Apart from the size and darker colour palette A. capsicula spores closely 

resemble A. laevis spores.  Acaulospora laevis spores are globose to subglobose, 

salmon to orange-brown in colour, and range in size over 140-240 μm, with a mean 

size of approximately 200 μm.  Within the host plant Acaulospora often form coils 

near the entry point, vesicles are oblong or irregular in shape.  Acaulospora species 

stain pale to medium blue with lactoglycerol blue (www.invam.wvu.edu). 

Funneliformis mosseae (syn. Glomus mosseae) spores are globose to subglobose, 

occasionally irregular, mostly yellow-brown ranging from straw to orange-brown in 

colour.  They range in size over 100-260 μm, with a mean size of 195 μm.  Within the 

host plant F. mosseae stains dark blue with lactoglycerol blue.  Coils may form near 

the entry point and vesicles are sporadic and usually isolated from each other 
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(www.invam.wvu.edu).  Funneliformis mosseae is the most commonly studied 

species of AMF. 

Scutellospora calospora spores range widely in shape from subglobose to ellipsoid to 

oblong, sometimes irregular.  The isolate held at Lincoln University has oblong or 

kidney shaped spores that are hyaline to pale straw coloured, and ranging in size 

over 120-220 μm with a mean size of 165 μm.  Within the host plant, S. calospora 

forms coils near the entry point, and hyphae and arbuscules stain darkly with 

lactoglycerol blue.  Scutellospora calospora does not produce vesicles 

(www.invam.wvu.edu). 

Nutrient acquisition and transfer 

In nutrient-deficient soils, AMF have been shown to increase the amount of 

nutrients, in particularly phosphate, available to their host plant (Nall, 2009; 

Govindarajulu et al., 2005; Heinemeyer and Fitter, 2004; Hodge et al., 2001).  

Tomatoes grown in sterilised sand and inoculated with G. mosseae had higher levels 

of phosphorus in the shoots, but nitrogen levels were not significantly different to 

non-inoculated controls (Salvioli et al., 2008).  Similarly, inoculation with commercial 

preparations of mixed Glomus species increased the shoot concentrations of 

phosphorus and potassium of pelargonium plants, but did not significantly increase 

nitrogen (Perner et al., 2007). In a field trial inoculation of wheat plants with either 

G. mosseae or G. etunicatum resulted in plants with higher concentrations of both 

phosphorus and iron in the shoots (Al-Karaki et al., 2004).  Tomatoes inoculated with 

Glomus intraradices showed an increase in the nutrients phosphorus, potassium, 

magnesium, iron, manganese, zinc and copper in the mature leaves of plants, but 

boron, calcium and nitrogen did not increase (Cimen et al., 2010).  In sweet basil, 

inoculation with Glomus fasciculatum increased the concentration of all nutrients in 

tested shoots (nitrogen, phosphorus, potassium, calcium, magnesium, copper, 

manganese and iron) compared to non-inoculated control plants.  Glomus 

etunicatum increased the concentration of all nutrients except magnesium and 

Glomus intraradices increased the concentration of nitrogen, calcium, copper and 

manganese (Rasouli-Sadaghiani et al., 2010).  In red clover plants grown in 

calcareous soils, inoculation with Glomus mosseae (syn. Funneliformis mosseae) 

enhanced the absorption and accumulation of zinc (Chen et al., 2003).     
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AMF acquire nutrients by several mechanisms.  Firstly, hyphae are smaller than root 

hairs (3-7 μm compared to 5-20 μm), which increases access to smaller pore spaces 

in the soil.  Secondly, the hyphae of the fungal partner are longer than the root 

system of the plant, which increases the volume of soil explored.  Both of these 

mechanisms increase the surface area for nutrient absorption.  Hyphae also form 

polyphosphates internally to maintain a low phosphate concentration within the 

cytoplasm, which establishes a phosphate gradient against the soil solution, thereby 

increasing the absorption of phosphate to the mycorrhizal association (Nall, 2009).  

It has been suggested that through the exudation of low molecular weight organic 

acids AMF increase the solubility of organic P (Nall, 2009).   

Nutrients acquired by the fungal partner are transferred to the plant partner in the 

mycorrhizal association.    A study using isotopes found that inorganic nitrogen was 

taken up by extraradicle mycelia of Glomus intraradices, incorporated into amino 

acids and transferred to the intraradicle mycelia within carrot roots (Daucus carota) 

as arginine.  Arginine is then broken down in the intraradicle mycelia and transferred 

to the host plant (Govindarajulu et al., 2005).  Plantago lanceolata inoculated with 

the fungus Glomus hoi appeared to enhance the decomposition of organic nitrogen 

from grass leaves in a microcosm experiment (Hodge et al., 2001).   Interspecific and 

intraspecific mycorrhizal networks also provide a conduit for the transfer of 

nutrients from one plant to another.  This is dependent on the source/sink patterns 

of the plants and fungi involved, and mycorrhizal dependency of the host plants 

(Simard and Durall, 2004).    

The host plant supplies carbon in the form of photosynthates to the fungal partner.  

About 4-20% of the net photosynthates produced by the plant are directed to the 

roots colonised by AMF compared to uncolonised plants (Nall, 2009; Bago et al., 

2000).  The exact mechanism of transfer of carbon and phosphorus between the two 

symbionts is so far unknown (Harrison, 1999).  The most likely place for this to occur 

is thought to be the arbuscule, especially as both partners in the symbiosis put 

energy and resources into developing these ephemeral structures.  There is 

evidence to support this for the transfer of phosphorus, although there is some 

debate as to whether arbuscules are sites of carbon transfer between the symbionts 

(Bago et al., 2000; www.mycorrhizas.info/vam.html).  Carbon has also been shown 

to transfer between root systems of plants linked by AMF, even between different 
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plant species.  There is evidence that this is regulated by both the source/sink 

patterns of the host plants and the fungi (Simard and Durall, 2004; Bago et al., 

2000). 

Other beneficial attributes 

The ability to absorb nutrients, particularly phosphorus and other essential nutrients 

(Cooper and Tinker, 1978; Chen et al., 2003; Hodge et al., 2001; Govindarajulu et al., 

2005), is the most important contribution the fungal partner makes to the 

mycorrhizal association, however, AMF also play other important beneficial roles.  

Extraradicle mycelia play a role in soil stability and soil aggregation (Becerra et al., 

2011; Harrison, 1999).  A glycoprotein, glomalin, produced by the hyphae of AMF 

has been positively correlated to the stability of soil aggregates and the effect is 

stronger than the direct effect of AMF hyphae themselves (Rillig et al., 2002; Wright 

and Upadhyaya, 1998).   

AMF appear to have a role in relieving the effects of environmental stresses, such as 

heavy metal toxicity (Arriagada et al., 2007; Tonin et al., 2000; Weissenhorn et al., 

1993; Heggo et al., 1990).  A germination study using isolates of Glomus mosseae 

(syn. Funneliformis mosseae) from cadmium polluted soils found that they were 

more tolerant of cadmium in vitro than a reference strain.  In the absence of 

cadmium, germination of the cadmium tolerant isolates decreased, indicating that 

the isolates had adapted specifically to the high cadmium soils (Weissenhorn et al., 

1993).  Sweet basil inoculated with Glomus intraradices had significantly increased 

concentrations of chromium, cadmium, lead and nickel in shoot and root tissues, 

compared to non-inoculated plants, when grown in soils with low concentrations of 

these heavy metals.  However when grown in soil higher concentrations, the shoot 

tissues of inoculated plants had decreased heavy metals compared to the root 

tissues of non-inoculated controls (Prasad et al., 2011).  These studies indicated that 

AMF could play a role in bioremediation of soils, particularly if heavy metal tolerant 

isolates of AMF were used.    

Several studies have investigated the effect of AMF colonization on the host plant’s 

ability to withstand drought stress.  This is thought to be due to the mycorrhizal 

association influencing changes in stomatal opening and transpiration, increased 

root length and depth, and the development of the AMF partner’s external hyphae 

and its ability to extend beyond the range of the hosts roots and absorb water (Al-
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Karaki et al., 2004).  Aroca et al. (2008) found that an abscisic acid (ABA) deficient 

mutant of tomato had increased tolerance to drought when inoculated with Glomus 

intraradices compared to well-watered plants and a wild type tomato.  The study 

concluded that inoculation with G. intraradices in some way allowed the plant to 

compensate for the ABA deficiency, allowing the mutant to express the gene.  

However the wild type tomato showed no enhanced tolerance to drought by 

mycorrhization.  In a field trial of wheat inoculated with either Glomus mosseae (syn. 

Funneliformis mosseae) or Glomus etunicatum, water stress decreased the biomass 

and grain yield, but yield was still significantly higher than in the non-inoculated 

control (Al-Karaki et al., 2004).  A pot trial of pepper (Capsicum annuum L.) plants 

(inoculated with Glomus deserticola) grown in sterilised sand and acclimated to 

drought cycles had greater drought resistance than non-inoculated or non-

acclimated plants.  AMF inoculated peppers that were drought acclimated had 

improved extraradicle development and soil aggregation (Davies et al., 1992).  Fruit 

yields of field grown tomatoes under varying intensities of drought stress were up to 

24% higher in plants inoculated with Glomus intraradices than non-inoculated plants 

(Subramanian et al., 2006).  However in a field trial of strawberries inoculated with a 

mixture of native AMF no beneficial effects were found either in increased biomass 

or resistance to drought stress (Borowicz, 2010).   

Shared mycorrhizal networks, intra and interspecific, have been shown to provide a 

conduit for the interplant transfer of water under experimental conditions (Egerton-

Warburton et al., 2007; Simard and Durall, 2004).  Fluorescent tracer dyes and 

deuterium-enriched water were used to follow the pathways of water transfer from 

coastal live oak (Quercus agrifolia), via a mixed AMF extraradicle mycelial network, 

into the roots of water-stressed seedlings of the same or different species (Quercus, 

Salvia, Keckiella and Eriogonum species).  The patterns of dye distribution in receiver 

Quercus and Salvia plants indicated that mycorrhizal networks may be important to 

plant survival during drought conditions.  Keckiella and Eriogoum species showed 

less water transfer via the mycorrhizal network and so were clearly less dependent 

on AMF (Egerton-Warburton et al., 2007).     

AMF have been shown to increase the tolerance of plants to prolonged flooding. 

Rutto et al. (2002)  found that peach seedlings inoculated with Glomus margarita 

and flooded for twelve weeks were significantly more tolerant of flooding than non-
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mycorrhizal plants and the roots remained viable for longer.  Studies have also 

shown that AMF can increase the tolerance of tomatoes, lettuce and onions to soil 

salinity (Al-Karaki et al., 2001; Cantrell and Linderman, 2001).  Al-Karaki et al. (2001) 

found that the tolerance to salinity of a salt-intolerant tomato cultivar was increased 

when the plants were inoculated with a salt tolerant AMF.  A study that investigated 

the effect of AMF pre-inoculation on salt tolerance of lettuce and onion seedlings 

found that salt tolerance was increased with AMF inoculation, particularly if the 

AMF isolates were from saline soil  (Cantrell and Linderman, 2001).  

Arbuscular mycorrhizae have also been shown to cause changes in secondary 

metabolite production of the host plant, such as in essential oils and flavonoids 

(Zeng et al., 2013).  For example, sweet basil (Ocimum basilicum) inoculated with 

three different Glomus species had increased essential oil content and yield 

compared to non-inoculated plants.  Glomus fasciculatum inoculation caused higher 

oil content and yields than inoculation with G. etunicatum and G. intraradices 

(Rasouli-Sadaghiani et al., 2010).  AMF inoculation (Glomus intraradices) of sweet 

basil plants grown in heavy metal contaminated soils served to maintain the levels of 

volatile oils that were depleted or increased in non-inoculated plants (Prasad et al., 

2011).  Field grown tomato plants inoculated with Glomus intraradices produced 

tomato fruits with significantly higher yields of ascorbic acid and total soluble solids 

than in non-inoculated control plants (Subramanian et al., 2006).  

AMF may also increase resistance of the plant roots to soil borne pests and diseases 

by boosting the host plant defences.  For instance, AMF inoculation of grapevine 

(Vitis amurensis) appeared to increase resistance against root-knot nematode since 

the inoculated plants had enhanced transcription of the chitinase gene VCH3 

throughout the root tissue after nematode infection (Li et al., 2006).  Tomato plants 

inoculated with Glomus mosseae (syn. Funneliformis mosseae) and Gigaspora 

margarita had fewer root-knot nematodes and galls per root system than non-

inoculated controls, with G. mosseae conferring a higher level of protection than G. 

margarita. Tomato plants grown in sterile sand and inoculated with G. mosseae and 

infected with the root pathogen Phytophthora parasitica had reduced root necrosis 

and higher plant weight than in the non-inoculated control.  However Glomus 

intraradices inoculation did not reduce disease symptoms produced by the pathogen 

(Pozo et al., 2002; Pozo et al., 1999).  Pozo et al. (2002) concluded that the 



18 
 

protection conferred by G. mosseae colonisation was systemic through the whole 

root system of the tomato rather than localised to the site of AMF colonisation.  

Infection by the root pathogen Pythium aphanidermatum was reduced in tomato 

plants grown in sterile soil and inoculated with Glomus intraradices after 7 days 

exposure to the pathogen.  However after 14 days the protective effect was no 

longer apparent.  In contrast, G. mosseae and G. claroideum did not reduce 

incidence of pathogen infection (Larsen et al., 2012a).  Ten different cultivars of 

tomato (wild type, old and modern cultivars) inoculated with Glomus mosseae (syn. 

Funneliformis mosseae) and then challenged with the soilborne pathogen Fusarium 

oxysporum f.sp. lycopersici all exhibited a bioprotective effect of mycorrhization 

(Steinkellner et al., 2012b).  Another study (Song et al., 2010) found that tomato 

plants with a shared mycorrhizal network (G. mosseae) all produced plant defence 

chemicals when one was challenged with A. solani.  During mycorrhizal formation 

Pozo and Azcón-Aguilar, (2007) conclude that the host plants’ defence responses 

were modulated by the AMF, which might impact on the plant’s response to 

pathogens, nematodes or insect damage by priming the plant tissues for a more 

efficient activation of the defence mechanisms.  This seems to be an induced 

systemic resistance, mediated by the AMF, similar to that induced by rhizobacteria 

(Fritz et al., 2006).   

AMF may also protect plants from parasitic plants.  Seed germination of Orobanche 

and Phelipanche species (broomrape root parasites) was reduced in the presence of 

pea (Pisum sativum) roots colonised by the AMF G. mosseae and G. intraradices 

(Fernández-Aparicio et al., 2010).  A study that investigated the interaction between 

AMF and the root hemi-parasite purple witchweed (Striga hermonthica) in a 

sensitive and tolerant cultivar of sorghum found that the AMF cancelled out the 

damage caused by S. hermonthica in the tolerant cultivar, but growth and yield of 

the sensitive cultivar were still compromised (Lendzemo and Kuyper, 2001). 

Despite the assumption that AMF are generalists, their effect on different plant 

species and cultivars can vary depending on the specific plant-fungal combination.  

Sporulation of AMF can also differ with different hosts suggesting a level of 

specificity in this association (Urcelay et al., 2009).  There is also evidence that 

different AMF use different ecological strategies in spite of occupying the same 

broad ecological niche.  Some genera have been shown to colonise host plants in as 
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little as a week, whereas others may take up to 8 weeks (Hart and Reader, 2002); 

(Dodd et al., 2000). Since different genera of arbuscular mycorrhiza have been 

shown in other studies to react differently to fungicide treatments (Schreiner and 

Bethlenfalvay, 1997) it is important to determine the effect of pesticides on a 

diversity of AMF genera and species.  

1.2 The New Zealand horticulture industry 

New Zealand’s horticultural industry as a whole is worth $NZ5 billion annually and 

employs approximately 50,000 people.  New Zealand’s horticulture exports bring in 

approximately $NZ2.3 billion annually, making horticulture New Zealand’s sixth 

largest export industry.  Over 121,000 ha of land is used for horticultural crops 

(www.hortnz.co.nz).  

In 2012 the New Zealand fresh tomato industry had approximately 150 tomato 

growers, employed approximately 1000 people and had 120 ha of greenhouses 

(www.tomatoesnz.co.nz).  Most growers used hydroponic or semi-hydroponic 

systems, planting into soilless media such as pumice or rock wool.  Most growers 

used year-round environment control in their greenhouses which improved control 

of pests and diseases and increased yield.  Some growers also produced outdoor 

crops in summer and early autumn, particularly in the Otaki and Horowhenua 

districts where more than half the producers grew outdoor crops.  The domestic 

market produced 40,000 tonnes of fresh tomatoes and was worth approximately 

$NZ150 million, which equated to approximately $100 million in ‘farm gate’ value.  

New Zealand exported approximately 5,000 tonnes of fresh tomatoes, mostly to 

Australia, the Pacific islands and Pacific Rim countries, worth approximately $NZ15 

million (www.tomatoesnz.co.nz).   

In 2012 the processed tomato industry produces approximately 50,000 tonnes of 

field grown tomatoes annually, mostly in Hawke’s Bay and Gisborne for paste and 

some canning.  Approximately 3,000 tonnes are exported annually, which is worth 

about $NZ3.5 million (http://www.tomatoesnz.co.nz; http://www.hortnz.co.nz).   

1.2.1 Model System 

For the purposes of this study tomatoes were chosen as a model system for other 

horticultural crops because it has a large root size, with few fine root hairs, a single 

tap root and is relatively dependent on mycorrhizae (Salvioli et al., 2008; Bryla and 

http://www.tomatoesnz.co.nz/
http://www.hortnz.co.nz/
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Koide, 1998; Cress et al., 1979).  It also grows rapidly, so can be used to screen 

treatments quickly, and can be grown from surface sterilised seed.  Salvioli et al. 

(2008) and studies by Pozo et al. (1999, 2002) have used tomatoes as a model 

system for AMF experiments which will provide a direct comparison for the current 

study.   

1.3 Pests and diseases  

Control of pests and diseases with chemical pesticides is a part of most horticultural 

practices.  Pests and diseases limit the production of tomatoes and other 

horticultural crops.  

1.3.1 Insect pests 

Insect pests can do a lot of damage to crops in a relatively short period of time and 

can be expensive to control, especially as many economically important insects 

spend at least a proportion of their life cycle in the soil, often causing root damage 

to crops.  Management of these pests in horticultural situations is often very 

challenging (Matthiessen and Kirkegaard, 2006).  

The most common and economically important pests of tomatoes in New Zealand 

belong to the orders Hemiptera (aphid, whitefly, green vegetable bug, and passion-

vine hopper) and Lepidoptera (armyworm, tomato fruitworm, tomato stem borer, 

green looper, and cutworm).  Thrips, mites, armyworms, tomato fruitworm, 

cutworm and wireworms all have at least some of their lifecycle on or below the soil 

surface (Fenemore, 1982; Riley et al., 2007).  Soil fumigation or insecticide soil 

drenches are one way of removing pests before the tomato crop is planted (Riley et 

al., 2007). 

One of the biggest problems with insect pests on tomatoes is often not the pests 

themselves, but that they facilitate the spread of diseases between plants (Riley et 

al., 2007).  This may be incidental, due to insect wounding of the plant allowing 

entry of the pathogen (such as insect damaged roots being invaded by a saprophytic 

fungal pathogen) or intimate, with the insect acting as a vector to spread the disease 

from plant to plant.  Insects with piercing sucking mouthparts such as aphids leaf 

hoppers and whitefly transmit viruses and mycoplasmas to tomato (Lange and 

Bronson, 1981).  For instance, whitefly vectors tomato yellow leaf curl virus (Ghanim 

et al., 1998) and tomato mottle virus in tomatoes (Murphy et al., 2000).  Cucumber 
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mosaic virus is transmitted in tomatoes by aphids and tomato spotted wilt virus is 

vectored most commonly by the western flower thrips 

(www.vegetablemdonline.ppath.cornell.edu/factsheets). The tomato/potato psyllid 

(Bactericera cockerelli), which was first recorded in New Zealand in 2006, causes 

host damage and has been shown to transmit the bacterial pathogen ‘Candidatus 

Liberibacter solanacearum’ (Page-Weir et al., 2011). Nematodes can also transmit 

viruses.  The nematode species Longidorus elongatus and L. attenuatus are vectors 

for tomato black ring virus in Scotland and England (Harrison, 1964).    

 

1.3.2 Soil borne diseases 

Soil borne diseases include those caused by fungi that persist or live saprophytically 

in soil.  They include some of the most economically damaging diseases which are 

often the most difficult to control as they infect through the hidden underground 

parts of the plants.  Presence of these diseases may not be noticed until symptoms, 

such as wilting, chlorosis, stunted growth and even death, begin to appear in the 

foliage, by which time they are well-advanced.  Symptoms can also resemble 

drought and nutrient deficiencies, so may be difficult to diagnose.  These diseases  

usually have a wide host range and may be able to persist in the soil for long periods 

of time in the absence of a host (www.rbgsyd.nsw.gov.au/plant_info).  

Rhizoctonia solani and Pythium debaryanum cause damping off and crown rot 

diseases in tomatoes.  Fusarium oxysporum and Verticillium dahliae are soil borne 

diseases that cause wilt diseases by growing inside the stem of the tomato from the 

roots disrupting water transport within the plant which causes it to wilt (Riley et al., 

2007).  Soil borne diseases can be controlled by using chemical control, such as 

fumigation, fungicides, and at planting fungicidal drenches. Functional hygiene, such 

as removal of diseased material, cleaning of soil from equipment; management of 

the environmental conditions, such as watering and fertiliser use;  and crop rotation 

with non-solanaceous plants  may also be used for disease management (Riley et al., 

2007). 

1.3.3 Foliar and fruit diseases 

Foliar and fruit diseases can have a major impact on production, either directly 

affecting the fruit, or indirectly affecting the carbohydrate supplied to the fruit 

through reduced photosynthesis, growth or, in severe cases, defoliation (Riley et al., 
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2007).   Grey mould (Botrytis cinerea), powdery mildew (Erysiphe lycopersici), early 

blight (Alternaria solani), late blight (Phytophthora infestans) and anthracnose 

(Colletotrichum spp.) are all examples of tomato fruit and foliar diseases.   

1.4 Management practices and arbuscular mycorrhiza 

The main pest and disease control strategies include chemical control, biological 

control and cultural control.  Chemical control uses pesticides and fumigants to 

prevent or control the establishment of pests and diseases.  Bio-control uses natural 

enemies, such as beneficial fungi, bacteria and insects to prevent or control the 

establishment of pests and diseases.  Cultural control uses various strategies such as 

resistant cultivars, crop rotation, soil solarisation, disposal of pest and disease 

refugia, time of sowing and irrigation to lessen exposure of the crop to, or to avoid, 

pests and diseases, and to manipulate the environment to be less conducive to 

disease. 

1.4.1 Pesticides and arbuscular mycorrhiza 

Studies have shown positive, negative and null effects with pesticide application on 

the growth of AMF (Rao, 2009; Assaf et al., 2009; Zhang et al., 2006; Kumar et al., 

2005; Allison et al., 2007; Bary et al., 2005).  Salem et al. (2003) found that native 

AMF colonisation of tomato plants was delayed by at least 3 weeks by application of 

benomyl or Captan to loamy soil.  When the two fungicides were applied together to 

the soil AMF colonisation was inhibited for the whole 15 weeks of the trial (Salem et 

al., 2003).  A greenhouse trial by Zhang et al. (2006) found that AMF colonisation of 

upland rice (Oryza sativa) grown in sterilised soil decreased with increasing 

concentration of chlorothalonil.     Kumar et al. (2005) found that copper oxychloride 

and chlorothalonil were detrimental to native AMF colonisation of Sesbania sesban 

(a tropical nitrogen fixing tree) in a field experiment.  However benzimidazole, 

Captaf and phenyl mercury acetate were compatible with AMF colonisation, and 

benzimidazole, Dithane M-45 and phenyl mercury acetate were stimulatory to AMF 

colonisation at some concentrations (Kumar et al., 2005).  Bary et al. (2005) found 

little evidence that the abundance of AMF, as measured by colonization of the roots, 

was affected by the application of fungicides (chlorothalonil, fenarimol and 

iprodione) to a golf putting green.     

Germination of AMF spores may be affected by the application of pesticides to soil.  

Benomyl, pentachloronitrobenzene (PCNB) and Captan have been shown to inhibit 
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the spore germination of three species of arbuscular mycorrhizal fungi (Glomus 

etunicatum, G. mosseae and Gigaspora rosea) at 20mg/kg in laboratory 

experiments. At 10mg/kg benomyl still inhibited germination of all three species of 

AMF, but PCNB reduced germination of the two Glomus species only, not Gigaspora 

rosea, and Captan had no effect on the germination of all three AMF (Schreiner and 

Bethlenfalvay, 1997).   

Systemic fungicides are often used to control fruit and foliar diseases.  They are 

translocated throughout the plant and they may have an effect on AMF within the 

roots as some studies have shown (Kjøller and Rosendahl, 2000).  Field trials of the 

effect of Bavistin foliar sprays on AMF colonisation and sporulation on six groundnut 

cultivar roots found the systemic fungicide reduced the percentage of colonisation 

and number of spores in the roots at 50, 70 and 90 days (Rao, 2009).  In a pot trial 

carbendazim (applied as a soil drench before planting) suppressed AMF colonisation 

of pepper plants (inoculated with a mixture of Glomus species) in sterilised sandy 

soil, however the suppressive effect in a field trial was found to be transitory 

(Ipsalantis et al., 2012). 

Studies have shown conflicting effects with insecticide application on the growth of 

AMF.  One study (Sreenivasa and Bagyaraj, 1989) found that at the recommended 

field rates all 17 of the different pesticides studied had a deleterious effect on 

colonisation by the AMF fungus Glomus fasciculatum, but at half the recommended 

field rate, carbofuran (an insecticide and nematicide) had a positive effect on AMF 

root colonisation.  However, another study (Menendez et al., 1999) reported 

significantly different responses of different AMF species to the insecticide 

dimethoate, on soybean plants (as a soil drench) and in vitro.  Glomus mosseae (syn. 

Funneliformis mosseae) was unaffected both in situ and in vitro, but native AMF 

colonisation was reduced in situ.  Gigaspora roseae spore germination increased 

when exposed to 0.5 mg/L of dimethoate in vitro and Scutellospora castaneae 

germination decreased when exposed to 5 mg/L of dimethoate in vitro.  Native AMF 

colonisation of sorghum (grown in soil) was unaffected by single or two repeated 

soil drench applications of carbofuran, endosulfan and quinalphos at 0.5 kg/ha.  

Higher concentrations than recommended field rates exerted toxicity on sorghum 

plants and inhibited AMF colonisation (Veeraswamy et al., 1993).      
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1.4.2 Cultivar selection and arbuscular mycorrhiza 

Cultivar selection is an important consideration in any horticultural enterprise as it 

affects yields and susceptibility to pests and diseases.  Different plant species have 

also been shown to respond differently to AMF.  Different cultivars of a particular 

plant species can also respond differently to different species of AMF.  The benefits 

of mycorrhiza generally diminish with increasing fertility, therefore high yielding 

cultivars of crop plants bred under fertilized conditions may select for cultivars that 

are less susceptible to AMF (Johnson and Pfleger, 1992).    

A pot trial with thirteen different cultivars of wheat (Triticum vulgare), grown in 

sterilised soil, showed that they differed considerably in their susceptibility to the 

arbuscular mycorrhizal fungus G. mosseae. (Azcón and Ocampo, 1981).  Five 

varieties had high levels of AMF colonisation; four varieties had moderate levels of 

colonisation, two varieties had low colonisation; and two varieties “Negrillo” and 

“Champelein” had no AMF colonisation at all.  AMF stimulated the shoot and root 

dry weight of seven varieties, all of which had moderate to high levels of 

colonisation. However, the varieties with low or no AMF colonisation had higher 

root dry weights than the varieties with high colonisation levels.   

Another study (Linderman and Davis, 2004) found a similar situation in their pot trial 

on ten marigold cultivars, representing African, dwarf and Mexican types, grown in 

sterilised soil/ potting mix, with most varieties responding positively to AMF 

inoculation. However some varieties responded with reduced growth.  There was 

also a wide variation in AMF colonisation between cultivars, ranging from less than 

10% to over 70%.     

Other studies have shown variability in the growth and yield responses of different 

cultivars depending on the AMF they were inoculated with.  Six different grapevine 

rootstock cultivars differed in their responses to two different AMF species.  Glomus 

mosseae (syn. Funneliformis mosseae) increased the dry matter of all six cultivars; 

however Acaulospora laevis significantly decreased the dry matter of two of the six 

cultivars, but increased the dry matter of the other four (Bleach et al., 2008).  Three 

different species of Glomus used to inoculate eight cultivars of barley showed 

distinct differences in their ability to colonise different cultivars, and to increase 

growth and yield (Boyetchko and Tewari, 1995).  In another study, four strawberry 

cultivars responded with considerable variability to three different species of 
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Glomus (Chávez and Ferrera-Cerrato, 1990).  A study that looked at the effect of four 

strains of Rhizobium leguminosarum bv. phaseoli and three species of AMF on three 

cultivars of kidney beans, found that different combinations of AMF species and 

Rhizobium strains affected cultivars differently.  

Other environmental factors have also been shown to interact differently with AMF 

strains. With increasing salinity, the tomato cultivar with lesser salt tolerance (of two 

tomato cultivars) had considerably increased shoot dry weight when inoculated with 

salt tolerant AMF isolates (Al-Karaki et al., 2001).  Two varieties of winter wheat that 

were well watered or subjected to water stress were inoculated with either Glomus 

mosseae or G. etunicatum, or non-inoculated, were assessed for their response to 

AMF.  Biomass and grain yields were considerably higher in the mycorrhizal plants 

compared to the non-mycorrhizal regardless of soil moisture levels, but plants 

inoculated with G. etunicatum generally had a higher biomass than those inoculated 

with G. mosseae (Al-Karaki et al., 2004).   

A study looked at the effect of a single AMF species (Glomus mosseae) and the 

pathogen Fusarium oxysporum f. sp. lycopersici on 10 different tomato cultivars 

(wild-type, old and modern).  The percentage of root colonisation by G. mosseae (in 

tomatoes non-inoculated with F. oxysporum) differed in the various cultivars, but 

this was not related to the age of the cultivar (Steinkellner et al., 2012a).  Another 

study, using a single tomato cultivar, looked at the effect of three different species 

of Glomus (G. intraradices, G. mosseae and G. claroideum) and the root rot 

pathogen Pythium aphanidermatum on tomato growth parameters and harvest 

times.  All three AMF reduced shoot dry weight and root fresh weight compared to 

the non-inoculated control (Larsen et al., 2012b). 

1.4.3 Biofumigants and arbuscular mycorrhiza 

Biofumigation uses naturally occurring volatile biological compounds to suppress 

weeds and soil borne insects and diseases (www.plantsolutionsltd.com).  Many 

brassica species have been shown to be effective soil fumigants for suppression of  

soil-borne insects, diseases, nematodes and weeds, when applied as seed meal or 

grown on and then incorporated into the beds (Mattner et al., 2008). 

Plants in the order Capparales, particularly in the family Brassicaceae, produce 

glucosinolates which are thought to be involved in plant defence mechanisms, 

particularly in response to herbivory, but also to phytopathogens (Rask et al., 2000; 
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Bones and Rossiter, 1996). Many brassica species contain high levels of gluosinolates 

(the compounds that make certain Brassicas ‘hot’ e.g. mustards and radishes) and 

recently mustard cultivars (such as “Caliente 119”) and a rocket cultivar (“Nemat”) 

have been bred specifically for biofumigation since they produce high levels of 

isothiocyanates (Figure 1.4.1) when incorporated into the soil.  The breakdown of 

glucosinolates, by the enzyme myrosinase in damaged cells to toxic volatiles, the 

most potent of which are isothiocyanates, have been implicated in the resistance of 

the Brassicaeae to arbuscular mycorrhizal fungi (Rosa and Rodrigues, 1999; 

Schreiner and Koide, 1993).  Therefore brassica biofumigants may have a 

suppressive or negative effect on AMF spore germination and hyphal growth in soil.   

  

Figure 1.5: Simplified diagram of the chemical reaction involved in brassica biofumigation, 
which takes place within a plant cell when macerated (www.plantsolutionsltd.com). 

The optimum biofumigant suppressive were achieved when the brassica plants were 

grown to flowering before being incorporated into the soil (Rosa and Rodrigues 

1999).  Mattner et al. (2008) found that the toxicity of volatiles released from the 

biofumigants to Rhizoctonia fragariae increased with the plants developmental 

stage, particularly from the roots.  For the best biofumigant effect the mustard 

plants should be chopped as finely as possible before being incorporated 

immediately into the soil, and the soil surface sealed (www.plantsolutionsltd.com; 

Rosa and Rodrigues, 1999).     

Friberg et al. (2009) reported that the soil inoculum potential of Rhizoctonia solani 

decreased immediately after incorporation of a mustard (Brassica juncea) green 

manure, but later increased to levels above those in untreated soil.  In an in vitro 

trial volatiles released by macerated Brassica rapa/ B. napus suppressed the fungal 
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pathogens Rhizoctonia fragariae, Alternaria alternate, Colletotrichum dematium, 

Cylindrocarpon destructans, Fusarium oxysporum, Pythium ultimum and 

Phytophthora cactorum and the seed germination of seven clover (Trifolium) 

species.  However in strawberry field trials only the growth of P. cactorum was 

reduced by 20%, although the growth of emerging weeds was suppressed by 40% 

(Mattner et al., 2008).  When Brassica napus was grown in soils infested with 

Aphanomyces euteiches (pea root rot) and the soil was subsequently used for pot 

trials, the peas (Pisum sativum) had reduced disease incidence. Further, 

incorporation of dried stems and leaves of Brassica napus, B. oleracea var. acephala, 

B. oleracea var. capitata, Raphanus sativus and Sinapus alba into infested soil 

reduced disease incidence and oospore numbers in the soil to differing degrees 

(Chan and Close, 1987).  However, a study (Baysal and Miller, 2009) that used 

biofumigant cover crops in field tomatoes found no significant differences in 

incidence of anthracnose disease (Colletotrichum) compared with control sites.  

Plants in the family Brassicaceae and Chenopodiaceae are non-hosts for arbuscular 

mycorrhizal fungi (Schreiner and Koide, 1993).  Studies have shown that, in the 

presence of root exudates from a host plant, hyphae of arbuscular mycorrhizal fungi 

branch extensively and rapidly, but not when they encounter the roots of a non-host 

plant.  This may be due to inhibitory compounds (Harrison, 1999).  Schreiner and 

Koide (1993) showed that intact mustard roots and isothiocyanate extracts inhibited 

the germination of Glomus etunicatum spores.  Therefore, as well as being non-

hosts for AM fungi, the toxic compounds produced by members of the brassica 

family may also affect the viability of AM spore inoculum in the soil, thereby 

reducing AM colonisation in subsequent crops.  

1.5 Experiments and Earthquakes 

The Canterbury earthquakes in September 2010 and February 2011, and subsequent 

aftershocks caused considerable interruption to several experiments resulting in 

delays and changes to some of the experiments in this thesis. These were due to the 

compulsory closure of the buildings after each event and therefore lack of access to 

monitor, harvest and assess experiments, and delays in setting up other 

experiments. 
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Experiment 3 had delays in harvest; Experiment 4 had delays in planting which 

caused the tomatoes to have to be placed under lights, 2 weeks before Harvest A 

and 4 weeks before Harvest B, in order to improve growth of the tomato plants.   

Experiment 5 (the initial biofumigation experiment) in particular was severely 

affected, with most of the initial experiment having to be discarded due to the 

February 2011 earthquake occurring in the middle of the assessment period for the 

spore germination. The violence of the shocks caused some of the plates to be 

thrown from the incubator and the experiment was compromised. The mustard 

plants had to be regrown and did not grow as well in March/April as they had in 

December/January for the initial set up.  Additionally, the tomatoes had to be grown 

under lights in late May and June.  It had originally been intended to assess all four 

AMF species; however all the inoculum for the Acaulospora capsicula, Glomus 

mosseae and Scutellospora calospora was used in the initial experimental set up.  

Therefore this experiment was carried out using only the two Acaulospora species, 

with the A. laevis being obtained from an extra pot of inoculated clover and the A. 

capsicula obtained from clover roots and potting mix that had been dried for 

storage. 

This disruption also limited the ability to repeat some of the experiments.  

1.6 Objectives 

The overall aim of this thesis was to examine the effect of some common 

horticultural management practices on four species of arbuscular mycorrhizal fungi. 

Objective 1 

To determine the effect of three pesticides (two fungicides and one insecticide) on 

the establishment of four species of arbuscular mycorrhizal fungi.  (Chapter 2). 

The effect of three pesticides used to control pest and diseases of tomato were 

investigated in three experiments. The first experiment tested the in vitro effect of 

pesticides on four AMF species spore germination. The subsequent two pot 

experiments with the same four AMF species determined the effect of pesticides on 

colonisation and subsequent growth response of “Moneymaker” tomato plants, 

both in potting mix and soil.  
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Objective 2 

To determine the growth response of three different cultivars of tomato to four 

species of AMF when grown in soil.  (Chapter 3). 

The effect of four species of AMF was assessed on the growth of three tomato 

cultivars, “Moneymaker”, a cherry tomato, “Sweet One Hundred”, and a heritage 

variety, “Aunt Ruby’s German Green”, when grown in soil in a pot experiment. 

Objective 3 

To test the effect of two different mustard bio-fumigants on the spore viability of 

different species of arbuscular mycorrhizal fungi buried at two different soil 

depths.  (Chapter 4). 

This single experiment, investigated the effect of two different mustard bio-

fumigants, brown mustard (Brassica juncea) and the specially bred mustard 

“Caliente 199” on the recovery and subsequent viability of spores of different AMF 

species.  Spores were buried in layers in the soil, one within the bio-fumigant mulch, 

and another 5 cm below it.  The viability of the spores was assessed for their in vitro 

germination and ability to recolonize “Moneymaker” tomatoes grown in sterile 

media. 
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Chapter 2: The effect of three pesticides on four species of 

arbuscular mycorrhizal fungi 

2.1 Introduction 

Pests and diseases limit the production of tomatoes and other horticultural crops.  

Therefore, control of pests and diseases with chemical pesticides is a part of most 

horticultural practices.  Fungicides are used to control fruit and foliar diseases and 

broad spectrum fungicides can prevent a wide range of fungal infections.  Systemic 

fungicides are used for their preventative and curative effects and are translocated 

throughout the plant.  AMF will therefore be normally exposed to pesticides during 

the growing season and these, (systemic pesticides in particular) may effect AMF 

within the roots of the host plant  or have activity in the soil (broad spectrum 

pesticides) which affect AMF spore germination and subsequent colonisation of the 

host plant roots.  

Studies have shown variable effects of fungicide application on AMF, both in regards 

to colonisation and spore germination (Assaf et al., 2009; Umamaheswara Rao, 

2009; Murillo-Williams and Pedersen, 2008; Allison et al., 2007; Zhang et al., 2006; 

Bary et al., 2005; Kumar et al., 2005; Salem et al., 2003).  Benomyl, 

pentachloronitrobenzene (PCNB) and Captan have been shown to inhibit the 

germination of three species of arbuscular mycorrhizal fungi (Glomus etunicatum, G. 

mosseae and Gigaspora rosea) at 20 mg/kg in vitro. However, at 10 mg/kg although 

benomyl still inhibited germination of all three species of AMF, PCNB only reduced 

germination of the two Glomus species, but not Gigaspora rosea, and Captan had no 

effect on the germination of any of the three AMF tested (Schreiner and 

Bethlenfalvay, 1997).  Bary et al. (2005) found little evidence that the abundance of 

AMF, as measured by colonisation of Poa annua roots, was affected by the 

application of fungicides (chlorothalonil, fenanimol and iprodione) to golf putting 

greens.  In contrast, Kumar et al. (2005) found that copper oxychloride and 

chlorothalomil were detrimental to AMF colonisation of Egyptian pea (Sesbania 

sesban), but that benzimidazole, Captaf (closely related to Captan) and phenyl 

mercury acetate were stimulatory at some concentrations, and Zhang et al. (2006) 

found that AMF colonisation of upland rice (Oryza sativa) decreased with increasing 

concentration of chlorothalonil.  An in situ study in various orchards found that 

fungicide sprays decreased AMF colonisation of kiwifruit vines and citrus roots, 
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however in a peach orchard with an under-storey of turf AMF colonisation levels 

remained high even after five fungicide applications (Rutto et al., 2002).  

Studies have also shown conflicting effects with insecticide application on the 

growth of AMF.  A study by Sreenivasa and Bagyaraj (1989) found that all seventeen 

pesticides tested had a deleterious effect on the AM fungus Glomus fasciculatum in 

pot cultures of Rhodes grass (Chloris gayana) at the recommended field rates, but 

carbofuran (an insecticide and nematicide) had a positive effect on AM root 

colonisation at half the recommended field rate.  Another study (Menendez et al., 

1999) reported significantly different responses of different AMF species to the 

insecticide dimethoate, both for in situ colonisation of soybean roots and spore 

germination in vitro.  Glomus mosseae was unaffected both in regards to 

colonisation and spore germination, but germination of Gigaspora roseae spores 

increased with exposure to 0.5 mg/L of dimethoate whilst at 5mg/L, dimethoate 

inhibited germination of Scutellospora castaneae spores.   

There is some evidence that different AMF use different ecological strategies in spite 

of occupying the same broad ecological niche.  Some genera have been shown to 

colonise host plants in as little as a week, whereas others may take up to 8 weeks 

(Hart and Reader, 2002; Dodd et al., 2000). Since different genera of arbuscular 

mycorrhiza have been shown in other studies to react differently to fungicide 

treatments (Schreiner and Bethlenfalvay, 1997) it is important to determine the 

effect of pesticides on a diversity of AMF genera and species.  As such, two species 

of Acaulospora, A. laevis and A. capsicula, and Funneliformis mosseae (syn. Glomus 

mosseae), and Scutellospora sp. were selected. 

Three pesticides were used in this study: a systemic fungicide, carbendazim; a non-

systemic fungicide, captan; and an insecticide, chlorpyrifos.  Carbendazim, a 

systemic benzimidazole fungicide with protective and curative actions, was 

introduced in 1973.  It is absorbed through green tissues and the roots and acts by 

inhibiting the development of germ tubes, the formation of appressoria, and the 

growth of mycelia.  It is used to control a wide range of diseases in many 

horticultural crops including tomatoes (Ware, 2000; Tomlin, 1994).   

Captan [N-(trihalomethylthio)-4-cyclohexene-1-2-dicarboximide] has been in use 

since 1949 and is a broad spectrum fungicide with both curative and protective 
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actions.  It acts by inhibiting the synthesis of amino compounds and enzymes 

containing the –SH radical.  It is used to control a wide range of fungal diseases, 

including use as a seed treatment or a root dip to control a wide variety of fungi 

including soil-borne Fusarium, Phytophthora Pythium, Phoma, and Rhizoctonia 

species on many horticultural crops(Ware, 2000; Tomlin, 1994).    

Chlorpyrifos (Lorsban) is an organophosphorus non-systemic insecticide that is used 

to control Coleoptera, Diptera, Hemiptera and Lepidoptera in soil or on foliage in a 

wide range of horticultural crops.  Although the organo-phosphate insecticide 

chlorpyrifos (Lorsban) is slowly being phased out of use, it is still widely used and has 

a broad activity and is highly toxic, so therefore was selected for inclusion.   

To test the effect of three pesticides on the establishment of four species of 

arbuscular mycorrhizal fungi, three experiments were conducted. An in vitro 

experiment was used to assess the effect of pesticides on spore germination of four 

AMF species. The effect of pesticides on AMF colonisation and growth response in 

tomato, as a model system was assessed in two pot experiments, one in potting mix 

and the other in soil.  

2.2 Materials and Methods 

2.2.1 AMF cultures and spore inoculum production using pot cultures 

The isolates used were Acaulospora capsicula originating from Cupressus 

macrocarpa, Orton Bradley Park, Canterbury; Acaulospora laevis from a 

conventional apple orchard at Lincoln, Canterbury; Funneliformis mosseae from a 

conventional vineyard, Canterbury.  The origin of the Scutellospora calospora isolate 

is unknown but may have also originated from Cupressus macrocarpa (see Section 

2.5.7).  

AMF spore inoculum for each isolate was obtained from clover pot cultures that had 

been established and maintained at Lincoln University.  Clover pot cultures of each 

species of AMF were set up in 4 L pots in medium consisting of a 3:2:1 ratio of sterile 

sand: sterile pumice: low phosphorus potting mix (100 L bark, 25 L pumice, 250 g 

Osmocote 23-0-0, 37.5 g Osmocote 0-0-37, 125 g agricultural lime, 9.4 g 

Superphosphate 11%, 37.5 g Micromix and 125 g Hydraflo), respectively.  After at 

least 2 months growth the clover plants were cut off at soil level and allowed to dry 

for three days in the glasshouse.  The contents of a pot for each species were then 
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washed into 10 L buckets, filled to 7 L with tap water, stirred and left for 30 minutes.  

The contents of the buckets were strained through a series of sieves (710, 500 and 

50 μm).  The contents of the 50 μm sieve were rinsed into a beaker.  The potting mix 

was then re-washed and sieved again another two times.  The resulting spore 

inoculum was then strained again through the 50 μm sieve and reduced to a total 

volume of 50 mL. 

Inoculum sand slurry was prepared by mixing the spore inoculum with a mixture of 

170 mL of sterile sand and 30 mL of sterile low phosphate potting mix.  The number 

of spores in the inoculum slurry for each species was counted in three replicate 2 g 

samples for each species.  Two gram samples were also taken from the uninoculated 

sterile sand/potting mix slurry for the control to check that it did not contain spores.  

The samples for each species were then placed in 100 mL beakers and filled with 

water.  These were mixed and then left for 10-15 minutes, after which the liquid was 

decanted through a series of sieves (710, 500 and 50 μm pore size).  AMF spores 

collected on the 50 μm were then rinsed off in approximately 5 mL of water into a 

50 mL falcon tubes.  These were then filled to 50 mL with 50% (w/v) sucrose 

solution.  After centrifuging for 1 minute at 805 x g the top 10 mL was poured into a 

50 μm sieve with the lids of the falcon tubes also rinsed into the sieve to collect any 

additional spores.  The spores were then rinsed in the 50 μm sieve for approximately 

1 minute with tap water to remove the sucrose and the contents of the sieve poured 

through a funnel lined with filter paper (Whatman Grade 1).  The filter papers were 

then placed in Petri dishes and the number of spores viewed under a stereo 

microscope (10x to 40x) was counted and this was used to determine the number of 

spores per 1 g of inoculum.  This technique was also used to obtain single spores for 

in vitro spore germination experiments.  

2.3 Experiment 1 – The effect of three pesticides on spore 

germination of the four AMF species in vitro 
Square Petri dishes (100 mm) were packed with sieved sterilized sand and watered 

to two times field capacity (20% w/w) with a solution of 0.1% trypan blue containing 

one of the pesticides at field rates (carbendazim at 1.25 mL/L, captan and 

chlorpyrifos at 0.5 g/L) or water for the control. These were then overlaid with a 

single layer of nylon mesh (pore size 50 μm).  Sixteen square (9 x 9 mm) pieces of 

sterilized membrane filter (Millipore 0.45 μm white 47 mm gridded) were arranged 

on top of the nylon mesh (Figures 2.1 and 2.2).   
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Figure 2.2:  Square Petri dishes showing the arrangement of the 

sixteen 9 x 9 mm squares of filter paper on the nylon mesh 

overlaying sieved sterilised sand. 

Four replicate plates were set up for each pesticide/untreated control treatments.  A 

single AMF spore (obtained following the method described in Section 2.3.1) was 

then placed in the centre of each filter square with a fine paint brush (giving a total 

of 4 spores per plate and sixteen spores overall for each AMF species).  The plates 

were then incubated in the dark at 20°C.  At 3-4 day intervals for 3 weeks the Petri 

dishes were examined with a stereomicroscope (X 40 mag) and the number of 

germinating spores recorded for each treatment (Brundrett et al., 1996).  A spore 

was considered germinated when the length of the germ tube was half the diameter 

of the spore. 

The effect of the treatments on spore germination of each AMF species at each 

assessment time was analysed using the Chi-square test using Minitab 15.  

 

 

Figure 2.1: Side view of square Petri dish showing the nylon mesh 
overlaying a layer of sieved sterilized sand. 
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2.4 Experiment 2 – The effect of three pesticides on four AMF 

species on “Moneymaker” tomatoes grown in potting mix  

2.4.1 Experimental setup 

Tomato seeds (cv. Moneymaker) were placed in water to rinse off any fungicides 

and the seeds allowed to imbibe for 1 hour.  Plant pots (500 mL) were filled ¾ full 

with low P potting mix (100 L bark, 25 L pumice, 250 g Osmocote 23-0-0, 37.5 g 

Osmocote 0-0-37, 125 g agricultural lime, 9.4 g Superphosphate 11%, 37.5 g 

Micromix and 125 g Hydraflo).  Approximately 8 g of AMF inoculum (Section 2.3.1; 

containing approximately 16 spores for A. capsicula and A. laevis, 20 spores for S. 

calospora, and 28 spores for F. mosseae) from one species were placed on the 

potting mix. Three tomato seeds were placed immediately on top of the AMF 

inoculum and covered with 5 mm of potting mix.  A total of 44 replicate pots for 

each species and the non-inoculated control were set up.  The pots were watered 

and then placed in a completely randomized design on wire mesh benches in a 

glasshouse in the Lincoln University Nursery.  The plants were gently watered when 

required.  After the seeds germinated they were thinned to one tomato plant per 

pot.  After 64 days growth the pesticide treatments were applied.   

2.4.2 Pesticide treatments 

Three pesticides were tested for effect on AM colonisation: carbendazim (foliar 

spray), Captan (soil drench) and chlorpyrifos (soil drench). For each pesticide 

treatment, 11 replicate tomato plants for each AMF species and the uninoculated 

control were removed from the randomized design and placed together.  For the 

carbendazim treatment, the above ground plant part was sprayed using a hand 

sprayer with carbendazim at 1.25 mL/L until run off.  The remaining plants (the soil 

drench treatments, Captan and chlorpyrifos, and the untreated control plants) were 

sprayed with water until run off.  Captan was applied as a soil drench with 50 mL of 

a 0.5 g/L suspension poured onto the surface of the soil in each pot.  For 

chlorpyrifos, 50 mL of a 0.5 g/L suspension was poured onto the surface of the soil in 

each pot.  For the pesticide untreated control plants and carbendazim foliar 

application, 50 mL of tap water was poured onto the surface of the soil in each pot.  

The plants were left to dry overnight and then placed back in their relevant position 

according to the randomized design on the mesh benches in the glasshouse for a 

further 18 days.    
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2.4.3 Harvest and assessment 

The shoot height and stem diameter at 1 cm above the soil surface was measured 

using a digital calliper (Mitutoyo UK Ltd).  The shoots were then cut off at the soil 

surface, placed in paper bags and dried to constant weight at 50°C for approximately 

3-5 days before being weighed.  The remaining contents of each pot were tipped 

onto a clean paper towel, and the roots removed and rinsed to remove any adhering 

potting mix (Figure 2.3).  Two lateral roots, from near the top of the root system, of 

between 5 and 10 cm in length were removed and placed in universal bottles to 

enable assessment of AMF colonisation to be carried out.  A separate piece of lateral 

root (2 - 3 cm) was removed and placed in a small plastic tube and stored at -80°C 

for molecular identification of AMF species.  The remaining root system was placed 

in a paper bag and dried to constant weight at 50°C for approximately 3 days before 

being weighed.  The remaining potting mix was then mixed, with approximately 100 

mL taken and placed in a plastic bag and stored in a fridge for spore counts.  To test 

whether the AM spores were viable and able to colonise plants; the remaining 

potting mix was placed back into the pot, four clover seeds added and the pot 

placed back on the mesh benches in the glasshouse in the original randomized 

design.  These were allowed to grow for 28 weeks then harvested and root samples 

placed in Universal bottles to check for AMF colonisation.  

 

2.4.4 AMF root colonisation 

AMF root colonisation was assessed using a modification of the method described 

by Brundrett et al. (1996).  Root samples in universals bottles were covered with 

 

Figure 2.3: Tomato roots ready for drying after being rinsed. 
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10% (w/v) KOH and autoclaved in a pressure cooker for 10 minutes.  The root 

sample were then rinsed with 10% (w/v) HCl to neutralize the base and stained with 

lactoglycerol blue and left overnight.  After overnight incubation the lactoglycerol 

blue was removed, the roots blotted dry and then transferred back to universal 

bottle and covered with lactic glycerol until they were examined under a light 

microscope for AMF colonisation.  The entire root sample was checked, including 

any side roots.  Colonisation was assessed using the presence of arbuscules.  If 

arbuscules were not observed or not clearly visible the sample was assessed as not 

colonised.  Anything with septate hyphae was considered to be non-AMF as AMF 

have aseptate hyphae.  Examples of each of the four AMF species from the INVAM 

website were used for comparison.  The different types of AMF structures observed 

in each sample were also noted, i.e. arbuscules, hyphae, entry points, vesicles, 

hyphal coils and spores. 

2.4.5 Spore Counts 

For each replicate the number of spores in a 50 mL sample of the potting mix was 

determined using the method described in Section 2.2.1. 

2.4.6 Statistical analysis 

Spore counts, shoot height, diameter and dry weight and root dry weight data were 

subject to analysis of variance (ANOVA) with treatment means compared using 

Fisher's protected least significant difference tests (LSD) at P<0.05.  Arbuscular 

mycorrhizal colonisation data were subject to Pearson’s Chi-square test.  Chi-square 

analysis was carried out using Minitab 15 with all other analysis carried out using 

GenStat 12.2. 

2.4.7 Molecular ITS method for AMF species confirmation 

A piece of lateral root (2 - 3 cm) was removed and placed in a small plastic tube and 

stored at -80°C for molecular identification of AMF species.  Confirmation of 

colonisation by the inoculated AMF species was done for 12 root samples by PCR 

and DNA sequencing.  The frozen roots of three randomly selected non-treatment 

samples for each species (Control A. capsicula 1, 2, 3; Control A. laevis 4, 5, 6; 

Control F. mosseae 4, 8, 10; Control S. calospora 1, 3, 6) were snap frozen using 

liquid nitrogen and ground to a fine powder in a mortar and pestle.  DNA was 

extracted using the PowerPlant® genomic DNA isolation kit (Mo Bio Laboratories) 

according to the manufacturer’s instructions.  The concentration of the resultant 
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DNA was assessed by spectrophotometry and diluted to approximately 20 ng/µL for 

PCR. The PCR was done using AMF specific PCR primers, FLR4 and FLR3 for 

Funneliformis and Scutellospora species, and Acau465R and Acau198F for the 

Acaulospora species (Appendix 1). Each 25 µL PCR included 1 × reaction buffer, 200 

µM of each dNTP, 5 pmole each of forward and reverse primers and 1 U of Taq 

polymerase (HotStart, Roche). The PCR was amplified using the following thermal 

cycle.  The DNA was denatured at 95°C for 3 minutes.  This was followed by 40 cycles 

of denaturation at 95°C for 30 seconds, annealing at 60°C for 40 and extension at 

72°C for 1 minute with a final extension step at 72°C for 7 minutes before cooling to 

4°C. The PCR products were separated by 1% agarose gel electrophoresis at 10 V/cm 

for 50 minutes, stained using ethidium bromide and photographed under ultraviolet 

light using the Versa DocTM Imaging System Model 3000 (BIO-RAD Laboratories Inc., 

California). Amplimers were directly sequenced at the Lincoln University Sequencing 

Facility.  This method was successful for Funneliformis mosseae and Scutellospora 

spp. samples, but a nested PCR method was used for the Acaulospora species.  In 

the nested PCR the primary PCR was done using ITS1-F and ITS4 at two different 

dilution rates (1 in 10 and 1 in 50 concentrations).  The secondary (or nested) PCR 

was done using the Acau198F and Acau465R primers as described. 

2.5 Experiment 3 - The effect of three pesticides on two AMF 

species on “Moneymaker” tomatoes grown in soil 

Ten replicates of all three pesticide treatments and non- treatment control for two 

species of arbuscular mycorrhizal fungi (Funneliformis mosseae and Scutellospora 

calospora) and non-mycorrhizal controls were set up and laid out in a randomized 

block design in the Lincoln University Nursery glasshouse as described in Section 

2.5.1 (Figure 2.4).  However, instead of being grown in low P potting mix the tomato 

plants were grown in silt loam soil obtained from a field plot at Lincoln University.  

The soil was obtained from a plot that had been in grass and grazed by sheep for 

approximately 10 years, and had had no fertiliser inputs.  The background AMF 

spore counts of this soil was checked in eight separate 2 g soil samples using the 

methodology described in Section 2.3.1.  The number of spores ranged from 3-7 

spores in 1 g of soil, with an average of 4 spores/g of soil.  The number of spores for 

the two AMF species in the inocula was determined using the same methodology.  

The average number of spores in 5 g of inoculum slurry was 35 for S. calospora, and 

15 spores for F. mosseae.  The replicates were treated with pesticides when the 
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There was no significant difference in the germination rates of A. capsicula, A. laevis, 

S. calospora and F. mosseae at 21 days between the pesticide treatments and the 

non-treatment control (P = 0.051, 0.513, 0.198 and 0.639).   

At 3, 7 and 10 days there was no significant difference (P = 0.301, 0.333, and 0.105, 

respectively) in the spore germination between the four AMF species.  After 21 days 

significantly higher germination (P < 0.001) was observed for S. calospora spores 

(75%) across all the pesticide treatments compared with F. mosseae (48.4%), A. 

capsicula (45.3%) and A. laevis (39.1%).  Similar differences were seen at 14 and 17 

days (P < 0.001) (Table 2.1 and Figure 2.5).     

Table 2.1: The total percentage of spores germinating for each of the four AMF species 
after 7, 14 and 21 days, across all pesticide treatments and non-treatment control (mean 
for 64 spores per species). 

AMF Species 

 

% germination 

7 days 14 days 21 days 

A. capsicula 15.6 a1 23.4 b 45.3 d 

A. laevis 9.4 a 20.3 b 39.1  d 

S. calospora 7.8 a 57.8 c 75.0 f  

F. mosseae 14.1 a 43.8 c 48.4 d  

1Values within the columns followed by the same letters are not significantly different 
according to Chi-square analysis (P < 0.001 for 14 and 21 days). 
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Figure 2.5: The total number of spores germinating after different incubation periods from 
3 – 21 days in three pesticide treatments and non-treatment control for each AMF species. 

Count for 16 spores per treatment. 

2.7 Experiment 2 – The effect of three pesticides on four AMF 

species on “Moneymaker” tomatoes grown in potting mix 

2.7.1 Spore Counts 

There were no significant differences in the spore counts between the different 

pesticide treatments, between the AMF species inoculation treatments or 

interaction between treatment and AMF inoculation (P = 0.212) (Appendix 1).  

Considerable cross contamination of AMF species was observed in the spore count 

data.  For the Funneliformis mosseae treated pots, 25% of the replicates showed 

evidence of contamination with Acaulospora spores.  The distinctively large size of 

the Acaulospora species spores made them easy to identify.  Of the total number of 

spores recovered from the F. mosseae treated pots 15% were identified as 
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Acaulospora.  Similarly, for the Scutellospora calospora treated pots, 15% of the 

replicates were contaminated with spores of an Acaulospora species.  Of these 21% 

of the spores recovered from the S. calospora pots were identified as Acaulospora 

and not Scutellospora.  Cross contamination may also have occurred between the 

two Acaulospora species but owing to the similarity in spore morphology between 

the two species, contaminating spores were not noted. 

2.7.2 Tomato growth 

There were no significant differences in shoot length (576–676 mm) and diameter 

(4.762–5.804 mm) or root (0.387–0.532 g) and shoot (3.0–4.2 g) dry weight between 

any of the pesticide treatments (P = 0.180, 0.249, 0.887 and 0.622, respectively), 

AMF species (P = 0.971, 0.288, 0.362 and 0.323, respectively) or interaction between 

pesticides and AMF (P = 0.606, 0.489, 0.949 and 0.958, respectively) (Appendix 1).    

Table 2.2: Mycorrhizal growth response of tomatoes inoculated with four AMF species 18 
days post pesticide application using total dry weight (g) in the formula MGR = 100*(AM - 
NAM)/NAM (Smith &Smith, 2011). 

AMF species 
 

Pesticide Treatment 

Carbendazim Captan Chlorpyrifos Control 

A. capsicula 14.38 18.75 -7.79 -6.70 
A. laevis 3.99 -0.08 0.88 -10.07 
S. calospora 20.07 22.49 13.14 10.17 
F. mosseae 19.89 2.96 -18.54 2.81 

 

The effect of pesticides on the mycorrhizal responsiveness of the tomato to the four 

species of AMF was calculated using the mycorrhizal growth response (MGR) 

formula (MGR = 100*(AM-NAM)/NAM) recommended by Smith and Smith (2011) as 

the best measure of mycorrhizal responsiveness.  The carbendazim treatment had 

no negative MGR for any AMF species.  S. calospora had positive MGR in all 

treatments (Table 2.2). 

2.7.3 Root Colonisation 

There was a significant difference in root colonisation of the tomato plants between 

the treatments (P < 0.001), but no significant differences between the different AMF 

(P = 0.553) or interaction between the AMF inoculation and treatments (P = 0.149). 
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Table 2.3: Percentage of tomato root samples colonised with AMF, 18 days post pesticide 

application.  Mean of 10 replicates. 

 Pesticide Treatment  

AMF species Captan Carbendazim Chlorpyrifos Control Mean 
across 

pesticides1 

A. capsicula 70.0 70.0 80.0 90.0 77.5 
A. laevis 50.0 50.0 60.0 90.0 62.5 
S. calospora 50.0 70.0 90.0 100.0 77.5 
F. mosseae 80.0 50.0 80.0 80.0 72.5 
NAM 30.0 50.0 100.0 100.0 70.0 

Mean across AMF1 56.0 a 58.0 a 82.0 b 92.0 b  
1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For pesticides across AMF inoculation (a-b) means 
were significant (P < 0.001, mean deviance 2.421).  

AMF root colonisation of plants treated with carbendazim and captan (58% and 

56%, respectively) was significantly lower compared with chlorpyrifos (82%) and 

non-treatment control (92%) treated plants. There was no significant difference 

between root colonisation in the carbendazim and captan treatments, or the 

chlorpyrifos and the non-treatment control (Table 2.3). 

A range of different AMF structure including arbuscules, vesicles, hyphae and hyphal 

entry points, were observed in the tomato roots (Figures 2.5-2.8).  The number of 

root samples with arbuscules exactly mirrored the colonisation data as arbuscules 

were used as the definitive measure of colonisation.  

 

 

 

Figure 2.5: Acaulaospora capsicula in the non-treatment control showing 

intraradicle vesicles within a tomato root.  Colour digital photo taken Leica 

Application Suite LAS EZ with a compound microscope at 400x magnification. 
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Figure 2.6: Funneliformis mosseae in the carbendazim treatment showing arbuscules 

and hyphae within a clover root.  Colour digital photo taken Leica Application Suite LAS 

EZ with a compound microscope at 400x magnification.   

 

2.7: Funneliformis mosseae in the chlorpyrifos treatment showing an arbuscule within 

a tomato root.  Colour digital photo taken Leica Application Suite LAS EZ with a 

compound microscope at 400x magnification. 
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Hyphae were observed almost as often as arbuscules and likewise showed no 

significant difference between AMF (P = 0.712), but the effect of pesticide treatment 

was significant (P = <0.001) and interaction between AMF and treatments (P 

=0.046).  AMF hyphae were seen in significantly fewer root samples for the two 

fungicide treatments (captan, 54%, and carbendazim, 56%) compared with the 

insecticide (chlorpyrifos, 80%) and non-treatment control (90%).  

Table 2.4: Percentage of tomato root samples with AMF hyphae, 18 days post pesticide 

application.  Mean of 10 replicates. 

 Pesticide Treatment 

AMF species Captan Carbendazim Chlorpyrifos Contr
ol 

Mean across 
pesticides1 

A. capsicula 70.0 60.0 80.0 90.0 75.0 
A. laevis 50.0 50.0 60.0 90.0 62.5 
S. calospora 40.0 70.0 90.0 100.0 75.0 
F. mosseae 80.0 50.0 70.0 70.0 67.5 
NAM 30.0 50.0 100.0 100.0 70.0 

Mean across AMF1 54.0 a  56.0 a 80.0 b 90.0 b  
1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For pesticides across AMF inoculation (a-b) means 
were significant (P < 0.001, mean deviance 8.163). 

 

Figure 2.8: Acaulospora laevis in the carbendazim treatment showing a vesicle, 

arbuscule and hyphae within a tomato root.  Colour digital photo taken Leica 

Application Suite LAS EZ with a compound microscope at 400x magnification. 
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There was a significant difference in the number of root samples with vesicles 

between the treatments (P < 0.001), but no significant differences between the 

different AMF (P = 0.516) or interaction between the AMF inoculation and 

treatments (P = 0.159).  Fewer vesicles were noted in the fungicide treatments 

(captan, 20% and carbendazim, 14%) than the chlorpyrifos (34%).  The non-

treatment control (56%) had significantly more root samples with vesicles than all 

the pesticide treatments (Table 2.5).  Vesicles were observed in 52.5% of samples 

inoculated with S. calospora.     

Table 2.5: Percentage of tomato root samples with AMF vesicles, 18 days post pesticide 

application.  Mean of 10 replicates. 

 Pesticide Treatment  

AMF species Captan Carbendazim Chlorpyrifos Control Mean 
across 

pesticides1 

A. capsicula 30.0 50.0 40.0 60.0 45.0 
A. laevis 90.0 80.0 70.0 50.0 72.5 
S. calospora 40.0 70.0 30.0 70.0 52.5 
F. mosseae 60.0 50.0 50.0 70.0 57.5 
NAM 80.0 80.0 50.0 80.0 72.5 

Mean across AMF1 20.0 a 14.0 a 34.0 b 56.0 c  
1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For pesticides across AMF inoculation (a-c) means 
were significant (P < 0.001, mean deviance 11.096).  

There was no significant difference in the proportion of roots that had entry points 

and hyphal coils between AMF treatments (P = 0.138% and 0.310%, respectively), 

pesticide treatment (P = 0.367% and 0.216%, respectively) or interactions between 

AMF and pesticide treatments (P = 0.481% and 0.452%, respectively).  Spores were 

not observed in any of the samples.   

Clover root colonisation showed no significant differences between AMF treatment 

(P = 0.513) or pesticide treatments (P = 0.090) or interactions between AMF and 

pesticide (P = 0.385).  Clover roots showed no significant differences in the AMF 

structures noted in colonised root samples (Appendix 1).  Application of pesticides to 

the tomatoes had no effect on the subsequent ability of Rhizobia also present in the 

soil to colonise clover, as 91.5% of all clover root samples had root nodules present, 

with there being no difference in pesticide or AMF treatment. 
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2.7.4 Molecular ITS AMF species confirmation 

Initial sequencing of the ITS gene region confirmed the identity of Funneliformis 

mosseae, in the root samples tested (99% accuracy).  The sample from the 

treatment that was supposed to be inoculated with Funneliformis geosporum, and 

preliminary identified by spore morphology as a Scutellospora species, was 

confirmed as Scutellospora calospora (90% accuracy using a Funneliformis specific 

primer).  One of the negative PCR controls (primer only) for this run returned a 

positive indication for DNA, suggesting that this lane was somehow contaminated 

(Table 2.6 and Figure 2.9).   

This first PCR did not amplify sufficient AMF DNA to enable the identity of the two 

Acaulospora species to be confirmed by sequencing (Figure 2.9), so a secondary (or 

nested) PCR was carried out (Figure 2.10).  This resulted in sufficient PCR product for 

sequencing. Unfortunately sequencing results for this nested PCR were deleted by 

accident, so the species confirmation was carried out by technician Sandy Hammond 

on the A. capsicula and A. laevis cultures maintained at Lincoln University (Hayley 

Ridgway, pers com) (Appendix 3). 

 

 

 

 

 

Figure 2.9: Agarose gel of the PCR products amplified from root pieces from the different 
AMF treatment using the ITS primers , photographed under ultraviolet light (Versa DocTM 
Imaging System Model 3000 (BIO-RAD Laboratories Inc., California)). (AC=Acaulospora 
capsicula, AL = A. laevis, SC = Scutellospora calospora FM = Funneliformis mosseae, 
Negative control = PCR control primer only). 
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Figure 2.10: Agarose gel of nested PCR for two species of AMF, photographed under 
ultraviolet light (Versa DocTM Imaging System Model 3000 (BIO-RAD Laboratories Inc., 
California)). (AC=Acaulospora capsicula, AL = A. laevis, Negative control = PCR control 
primer only). 

Table 2.6: Initial sequencing results for Funneliformis and Scutellospora species used in this 

study. 

AMF species Species 
identification 
based on 
sequence 
results  

Sequence 
length 

Max 
identity 

GenBank Accession no 

Funneliformis 
mosseae 

Glomus 
mosseae 

582 99% FN547486.1 

 

Scutellospora 
spp. 

Scutellospora 
calospora 

350 90% EU346867.1 

 

2.8 Experiment 3 - The effect of three pesticides on two AMF 

species on “Moneymaker” tomatoes grown in soil 

2.8.1 Tomato growth   

First Harvest (10 days post pesticide application) 

At the first harvest, at 10 days post pesticide application, AMF treatment 

significantly affected (P < 0.001) shoot diameter, with inoculation with F. mosseae 

(5.006 cm) and S. calcospora (4.979 cm) significantly increasing shoot diameter 

compared with the no added mycorrhizal control (3.998 cm). Pesticide treatment (P 
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= 0.116) and the interaction between AMF and pesticide treatment (P = 0.764) did 

not significantly affect shoot diameter (Table 2.7).  

Shoot height was also significantly affected by AMF treatment (P < 0.001) being 

significantly higher for plants inoculated with F. mosseae (251.1 mm) and S. 

calcospora (240.6 mm) compared with the no added mycorrhizal control (188.4 

mm). Pesticide treatment (P = 0.910) and the interaction between AMF and 

pesticide treatment (P = 0.158) did not significantly affect shoot height (Table 2.8). 

Table 2.7: Mean shoot diameter (mm) of tomato plants inoculated with four AMF species 
or no added control (NAM) 10 days post pesticide application.  Mean of 10 replicates. 

 Pesticide 

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 4.753  5.097  5.075  5.098 5.006 a 

S. calospora 4.998  5.192  4.835  4.889 4.979 a 

NAM 3.796  4.259  3.951  3.988 3.998 b 

Mean across 
AMF species 

4.516  4.849  4.620  4.658  

1Values within the rows or columns followed by the same letters are not significantly 
different. For shoot diameter across AMF inoculation (a-c) means were significant (P < 0.001; 
LSD = 0.2383).  

Table 2.8: Mean shoot height (mm) of tomato plants inoculated with four AMF species or 

no added control (NAM) 10 days post pesticide application.  Mean of 10 replicates.  

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 250.0 255.0 242.6 257.0 251.1 a 
S. calospora 257.1 228.7 253.3 223.2 240.6 a 
NAM 176.8 208.0 177.3 191.6 188.4 b 

Mean across 
AMF species 

228.0 230.6 224.4 223.9  

1Values within the rows or columns followed by the same letters are not significantly 
different.  For shoot height across AMF inoculation (a-b) means were significant (P= 0.001; 
LSD = 17.98). 

At the first harvest, 10 days post pesticide application, there was a significant 

difference between the two AMF and the no-added-mycorrhizae control, in shoot 

and root dry weights (P < 0.001).  There was no significant difference in either shoot 

or root dry weight between pesticide treatment (P = 0.206 and 0.417, respectively) 

or a significant interaction between pesticide treatment and AMF inculation (P = 
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0.382 and 0.194, respectively).  For the shoot dry weight, both the F. mosseae (2.313 

g) and S. calospora (2.130 g) significantly increased dry weight compared with the 

no-added-mycorrhizae control (1.055 g) (Table 2.9).  Similarly root dry weight was 

significantly higher for tomato plants inoculated with F. mosseae (0.4900 g) and S. 

calospora (0.4240 g) compared with the no-added mycorrhizae control (0.3043 g) 

(Table 2.10), with F. mosseae treated plants being significantly higher than S. 

calospora treated plants.  

Table 2.9: Mean shoot dry weight (g) of tomato plants inoculated with four AMF species or 

no added mycorrhiza control (NAM) 10 days post pesticide application.  Mean of 10 
replicates.  

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 2.030  2.436  2.321  2.465 2.313 a 
S. calospora 2.216  2.206  2.046  2.052 2.130 a 
NAM 1.039  1.281  0.897  1.003 1.055 b 

Mean across 
AMF species 

1.762  1.974  1.755  1.840  

1Values within the rows or columns followed by the same letters are not significantly 
different. For shoot dry weight across AMF inoculation (a-b) means were significant (P < 
0.001; LSD = 0.1989). 

Table 2.10: Mean root dry weight (g) of tomato plants inoculated with four AMF species or 

no added mycorrhiza control (NAM) 10 days post pesticide application.  Mean of 10 
replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 0.4640  0.5570  0.4670  0.4720 0.4900 a 
S. calospora 0.3790  0.3870  0.4490  0.4810 0.4240 b 
NAM 0.3000  0.3190  0.2850  0.3130 0.3043 c 

Mean across 
AMF species 

0.3810  0.4210  0.4003  0.4220  

1Values within the rows or columns followed by the same letters are not significantly 
different. For root dry weight across AMF inoculation (a-c) means were significant (P < 0.001; 
LSD = 0.04840). 

The effect of pesticides on the mycorrhizal responsiveness of the tomato to the two 

species of AMF at 10 days post pesticide application was calculated using the 

mycorrhizal growth response (MGR) formula (MGR=100*(AM-NAM)/NAM)  (Smith 

and Smith, 2011).  Both species of AMF had positive MGR in all treatments (Table 

2.11). 
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Table 2.11: Mycorrhizal growth response of tomatoes inoculated with two AMF species 10 
days post pesticide application using total dry weight (g) in the formula MGR = 100*(AM - 
NAM)/NAM (Smith & Smith, 2011). 

 Pesticide Treatment 

AMF species Carbendazim Captan Chlorpyrifos Control 
S. calospora 62.06 93.80 111.08 92.48 

F. mosseae 87.06 86.26 135.87 123.18 

Second Harvest (28 days post pesticide application) 

At the second harvest, at 28 days post pesticide application, there was a significant 

difference between AMF species (P < 0.001), pesticide treatments (P < 0.001) and 

interaction between AMF and pesticide treatments (P = 0.018) in shoot diameters.  

Across all pesticide treatments, inoculation with F. mosseae (5.231 cm) and S. 

calospora (5.002 cm) significantly increased shoot diameter compared with the no 

added mycorrhizal control (4.524 cm). For S. calospora inoculated plants, treatment 

with carbendazim and chlorpyrifos treatments significantly increased stem diameter 

(5.40 and 5.66 cm, respectively) compared with captan (4.38 cm) and the non-

treatment control (4.67 cm). None of the pesticide treatments significantly affected 

the stem diameter of plants inoculated with F. mosseae. Similarly, there was no 

significant effect of pesticide treatment on the no-added mycorrhizal plants (Table 

2.12). 

Table 2.12: Mean shoot diameter (mm) of tomato plants inoculated with four AMF species 
or no added mycorrhiza control (NAM) 28 days post pesticide application.  Mean of 10 
replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 5.18 a 5.22 a 5.39 a 5.14 ab 5.231 d 

S. calospora 4.38 c 5.40 a 5.66 a 4.67 bc 5.002 d 

NAM 4.40 c 4.51 c 4.61 c 4.57 c 4.524 e 

Mean across 
AMF species 

 4.652 f  5.043 g  5.188 g  4.792 f  

1Values within the rows or columns followed by the same letters are not significantly 
different. For shoot diameter across AMF inoculation (d-e) means were highly significant (P < 
0.001; LSD = 0.2498); across pesticide treatment (f-g), means were highly significant (P < 
0.001; LSD = 0.2885); and interaction between AMF and pesticide means were highly 
significant (P = 0.018; LSD = 0.4997). 

Shoot heights at the second harvest, at 28 days post pesticide application, showed a 

significant difference between AMF species (P < 0.001), pesticide treatments (P = 
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0.032) but there was no significant interaction between AMF and pesticide 

treatments (P = 0.659).  Stem height of tomato plants inoculated with F. mosseae 

(304.0 mm) was significantly higher than for plants treated with either S. calospora 

(281.3 mm) or the no added mycorrhizae control (262.3 mm), with S. calospora 

inoculation also significantly increasing stem height compared with the no added 

mycorrhizae control.  Across all AMF treatments, captan (291.6 mm) and 

chlorpyrifos (296.2 mm) significantly increased shoot height compared with the no 

added mycorrhizae control (269.6 mm).  The chlorpyrifos treatment had significantly 

higher shoot heights than the carbendazim (272.8 mm).  However, the carbendazim 

treatment did not significantly increase shoot height compared to the no added 

mycorrhizae control, and the captan treatment did not significantly increase shoot 

height compared to the carbendazim treatment (Table 2.13). 

Table 2.13: Mean shoot height (mm) of tomato plants inoculated with four AMF species or 
no added mycorrhiza control (NAM) 28 days post pesticide application.  Mean of 10 
replicates.  

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 310.2 292.3 314.0 299.6 304.0 a 
S. calospora 293.5 285.8 289.4 256.6 281.3 b 
NAM 271.0 240.4 285.2 252.5 262.3 c 

Mean across 
AMF species 

291.6 ab 272.8 bc 296.2 a 269.6 c  

1Values within the rows or columns followed by the same letters are not significantly 
different.  For shoot height across AMF inoculation (a-c) means were significant (P < 0.001; 
LSD = 18.54) and across pesticide treatment (a-c), means were highly significant (P = 0.032; 
LSD = 21.41). 

Table 2.14: Mean shoot dry weight (g) of tomato plants inoculated with four AMF species 

or no added mycorrhiza control (NAM) 28 days post pesticide application.  Mean of 10 
replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 2.745 a  3.052 a   2.939 a  2.810 a 2.886 c 
S. calospora 1.789 b  3.207 a  2.801 a  1.987 b 2.446 d 
NAM 1.541 b  1.866 b  1.918 b  1.712 b 1.759 e  

Mean across 
AMF species 

2.025 f  2.708 g  2.553 g  2.170 f  

1Values within the rows or columns followed by the same letters are not significantly 
different. For shoot dry weight across AMF inoculation (c-e) means were highly significant (P 
< 0.001; LSD = 0.2455); across pesticide treatment (f-g), means were highly significant (P < 
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0.001; LSD = 0.2835); and interaction between AMF and pesticide (a-b) means were highly 
significant (P = 0.008; LSD = 0.4910). 

At 28 days the shoot dry weights showed a significant difference between AMF (P < 

0.001), pesticide treatments (P < 0.001), and interaction between AMF and 

treatments (P = 0.008).  Shoot dry weight of tomato plants inoculated with F. 

mosseae (2.886 g) was significantly higher than for plants treated with either S. 

calospora (2.446 g) or the no added mycorrhizae control (1.759 g), with S. calospora 

inoculation also significantly increasing stem height compared with the no added 

mycorrhizae control.  Across all AMF treatment, shoot dry weight of tomato plants 

treated with carbendazim (2.708 g) and chlorpyrifos (2.553 g) were significantly 

greater than the captan (2.025 g) or the non-treated control tomato plants (2.170 g). 

For S. calospora inoculated plants, treatment with carbendazim and chlorpyrifos 

treatments significantly increased shoot dry weight (3.207 g and 2.801 g, 

respectively) compared with captan (1.789 g) and the non-treatment control (1.987 

g). None of the pesticide treatments significantly affected the stem diameter of 

plants inoculated with F. mosseae. Similarly, there was no significant effect of 

pesticide treatment on the no-added mycorrhizal plants (Table 2.14). 

At 28 days the root dry weights showed a significant difference between AMF (P < 

0.001), pesticide treatments (P = 0.007), but there was no significant interaction 

between AMF and treatments (P = 0.102).  Root dry weight of tomato plants 

inoculated with F. mosseae (0.505 g) and S. calospora (0.463 g) were significantly 

higher than for the no added mycorrhizae control plants (0.36 g2).  Across all AMF 

treatment, root dry weight of tomato plants treated with carbendazim (0.474 g) was 

significantly greater than the captan (0.391 g) or the non-treated control tomato 

plants (0.423 g). The root dry weight of tomato plants treated with chlorpyrifos 

(0.485 g) was significantly higher than for plants treated with captan, but not 

compared with the non-treated control (Table 2.15).   
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Table 2.15: Mean root dry weight (g) of tomato plants inoculated with four AMF species or 

no added mycorrhiza control (NAM) 28 days post pesticide application.  Mean of 10 
replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 0.479  0.486  0.532  0.523 0.505 a 
S. calospora 0.365  0.568  0.491  0.426 0.463 b 
NAM 0.329  0.369  0.431  0.321 0.362 c 

Mean across 
AMF species 

0.391 d  0.474 ef  0.485 f  0.423 de  

1Values within the rows or columns followed by the same letters are not significantly 

different. For root weight across AMF inoculation (a-c) means were highly significant (P < 

0.001; LSD = 0.0520) and across pesticide treatment (d-f) means were highly significant (P = 

0.007; LSD = 0.0601). 

Table 2.16: Mycorrhizal growth response of tomatoes inoculated with two AMF species 28 
days post pesticide application using total dry weight (g) in the formula MGR = 100*(AM - 
NAM)/NAM (Smith & Smith, 2011). 

 Pesticide 

AMF species Carbendazim Captan Chlorpyrifos Control 

S. calospora 68.90 15.19 40.14 18.69 

F. mosseae 58.30 72.41 47.77 63.94 

 

The effect of pesticides on the mycorrhizal responsiveness of the tomato to the two 

species of AMF at 10 days post pesticide application was calculated using the 

mycorrhizal growth response (MGR) formula (MGR=100*(AM-NAM)/NAM) (Smith 

and Smith, 2011).  Both species of AMF had positive MGR in all treatments (Table 

2.16). 

At the second harvest, at 28 days post pesticide application, whether the tomato 

plants were either fruiting or flowering was also noted.  There was a significant 

interaction between the AMF species and reproductive stage (P = 0.009).  There was 

no significant interaction between the pesticide treatment and reproductive stage (P 

= 0.804).  Plants inoculated with AMF were significantly more likely to be at a later 

reproductive stage (F. mosseae, 47.5%, and S. calospora, 27.5%) than the no-added 

mycorrhizae control (2.5%) (Table 2.17).  
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Table 2.17: Percentage of flowering and fruiting on tomato plants inoculated with 
Funneliformis mosseae, Scutellospora calospora or NAM, at 28 days post pesticide 
application.  Mean of 10 replicates. 

  Reproductive Stage  

AMF species Not flowering Flowering Fruiting 

F. mosseae  52.5 c  37.5 b 10.0 a 
S. calospora  72.5 b 22.5 c 5.0 d 
NAM 97.5 a 2.5 d 0.0 d 
1Values within the rows or columns followed by the same letters are not significantly 
different.  AMF means (a-d) were significant (P = 0.009, mean deviance 6.457). 

2.8.2 Root Colonisation 

First Harvest (10 days post pesticide application) 

At 10 days post pesticide application there were significant differences in 

percentage of plants showing AMF root colonisation between the AMF species (P = 

0.033) and an interaction between the AMF and the pesticide treatments (P = 

0.019), but no significant differences (P = 0.129) between the pesticide treatments.  

Scutellospora calospora in the carbendazim treatment (20%) had fewer colonised 

root samples than in the captan treatment (80%), but was not significantly different 

to the chlorpyrifos treatment (60%) or the non-treatment control (40%).  

Scutellospora calospora in the carbendazim treatment also had fewer colonised root 

samples than the no-added-mycorrhizae in the carbendazim (80%), captan (100%), 

non-treatment control (80%) and F. mosseae in the chlorpyrifos treatment (90%).  

Scutellospora calospora in the chlorpyrifos treatment and non-treatment control 

had fewer colonised root samples than the no-added-mycorrhizae control in the 

captan treatment and the non-treatment control also had fewer colonised root 

samples than F. mosseae in the chlorpyrifos treatment.  No-added mycorrhizae in 

the captan treatment had more colonised root samples than F. mosseae in the 

carbendazim (60%), captan (60%) and non-treatment control (60%), and the no-

added mycorrhizae in the chlorpyrifos treatment (50%) (Table 2.18).   
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Table 2.18: Percentage of tomato plants colonised with AMF 10 days post pesticide 

application.  Mean of 10 replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 60 bc 60 bc 90 c 60 bc  67.5 e 
S. calospora 80 c 20 a 60 b  40 ab  50.0 d 
NAM 100 c 80 c 50 b 80 c 77.5 e  

Mean across 
AMF species 

80.0 53.3 66.7 60.0  

1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For AMF across pesticides (d-e) means were 
significant (P = 0.033, mean deviance 3.418) and the interaction between AMF and pesticides 
(a-c) were significant (P = 0.019, mean deviance 2.532). 

At 10 days post pesticide application there were significant differences in 

percentage of root samples with AMF hyphae observed in them between the AMF 

species (P = 0.035) and an interaction between the AMF and the pesticide 

treatments (P = 0.007), but no significant differences (P = 0.241) between the 

pesticide treatments.  The no-added mycorrhizae (77.5%) had significantly more 

root samples with hyphae observed in them than S. calospora (50%) (Table 2.19). 

Table 2.19: Percentage of tomato root samples observed with AMF hyphae 10 days post 

pesticide application.  Mean of 10 replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 50 b 60 bc 90 d 60 bc 65.0 ef 
S. calospora 80 cd 20 a 60 bc 40 ab 50.0 e 
NAM 100 d 80 cd 50 b 80 cd 77.5 f 

Mean across 
AMF species 

76.7 53.3 66.7 60.0  

1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For AMF across pesticides (e-f) means were 
significant (P = 0.035, mean deviance 3.344) and the interaction between AMF and pesticides 
(a-d) were significant (P = 0.007, mean deviance 2.934). 

There was no significant difference in the number root samples with vesicles or 

entry points at 10 days post pesticide application, for AMF (P = 0.519 and 0.053, 

respectively); pesticides (P = 0.883 and 0.536, respectively); or interaction between 

pesticides and AMF (P = 0.505 and 0.148, respectively) (Appendix 1 and 2).  Hyphal 

coils were observed in only three no-added mycorrhizae root samples and spores 

were not observed in any of the root samples at 10 days post pesticide application.  
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Second Harvest (28 days post pesticide application) 

At 28 days post pesticide application there was a significant difference between the 

AMF species (P = 0.011) and the pesticide treatments (P = 0.016), but no significant 

interaction (P = 0.640) between AMF and pesticide treatment.  Across all pesticide 

treatments the percentage of plants showing AMF root colonisation was significantly 

less for F. mosseae (77.5%) compared with S. calcospora (92.5%) and no-added 

mycorrhizae (97.5%). Significantly fewer plants showing AMF root colonisation was 

seen for the chlorpyrifos treatments (73.33%) compared with captan (93.33%), 

carbendazim (93.33%) and non-treatment control (96.67%) (Table 2.20). 

Table 2.20: Percentage of tomato root samples colonised with AMF 28 days post pesticide 

application.  Mean of 10 replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 80 80 60 90 77.5 a 
S. calospora 100 100 70 100 92.5 b 
NAM 100 100 90 100 97.5 b 

Mean across 
AMF species 

93.3 c 93.3 c 73.3 d 96.7 c  

1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For AMF across pesticides (a-b) means were 
significant (P = 0.011, mean deviance 4.5038) and pesticides (c-d) were significant (P = 0.016, 
mean deviance 3.4486). 

Table 2.21: Percentage of tomato root samples observed with AMF hyphae 28 days post 

pesticide application.  Mean of 10 replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 80 80 60 90 77.5 a 
S. calospora 100 100 70 100 92.5 b 
NAM 100 100 90 100 97.5 b 

Mean across 
AMF species 

93.3 c 93.3 c 73.3 d 96.7 c  

1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For AMF across pesticides (a-b) means were 
significant (P = 0.011, mean deviance 4.5038) and pesticides across AMF (c-d) were 
significant (P = 0.016, mean deviance 3.4486). 

At 28 days post pesticide application there were significant differences in 

percentage of root samples with AMF hyphae observed in them between the AMF 

species (P = 0.011) and the pesticide treatments (P = 0.016), but no significant 

interaction between the AMF and the pesticide treatments (P = 0.640).  The no-
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added mycorrhizae (97.5%) and S. calospora (92.5%) had significantly more root 

samples with hyphae observed in them than F. mosseae (77.5%) (Table 2.21). 

At 28 days post pesticide application there were significant differences in 

percentage of root samples with AMF vesicles observed in them between the AMF 

species (P < 0.001) and the pesticide treatments (P < 0.001), but no significant 

interaction between the AMF and the pesticide treatments (P = 0.437).  Significantly 

more samples were observed with vesicles in the S. calospora (72.5%) and no-added 

mycorrhizae (82.5%) than F. mosseae (45%).  Significantly fewer root samples were 

observed with vesicles in the captan (53.33%) and chlorpyrifos (50%) treatments 

than the carbendazim (76.67%) or non-treatment control (86.67%) (Table 2.22). 

Table 2.22: Percentage of tomato root samples observed with AMF vesicles 28 days post 

pesticide application.  Mean of 10 replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 20 60 30 70 45.0 a 
S. calospora 80 80 40 90 72.5 b 
NAM 60 90 80 100 82.5 b 

Mean across 
AMF species 

53.3 c 76.7 d 50.0 c 86.7 d  

1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For AMF across pesticides (a-b) means were 
significant (P = 0.001, mean deviance 6.7803) and pesticides across AMF (c-d) were 
significant (P = 0.001, mean deviance 5.1570). 

Table 2.23: Percentage of tomato root samples observed with AMF entry points 28 days 

post pesticide application.  Mean of 10 replicates. 

 Pesticide  

AMF species Captan Carbendazim Chlorpyrifos Control Mean across 
pesticide 

F. mosseae 50 70 40 60 55.0 a 
S. calospora 90 70 60 90 77.5 b 
NAM 90 90 70 90 85.0 b 

Mean across 
AMF species 

76.7 76.7 56.7 80.0  

1Values within the rows or columns followed by the same letters are not significantly 
different according to Chi-square analysis.  For AMF across pesticides (a-b) means were 
significant (P = 0.008, mean deviance 4.8198).  

There were a significant difference in percentage of root samples with AMF entry 

points observed in them between the AMF species (P = 0.008), but no significant 

differences between pesticide treatments (P = 0.147), and no significant interaction 
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between the AMF and the pesticide treatments (P = 0.840).  Significantly more 

samples were observed with entry points in the S. calospora (77.5%) and no-added 

mycorrhizae (85.0%) than F. mosseae (55.0%) (Table 2.23). 

 

Figure 2.11: A) Hyphal coil within a tomato root at 28 days post pesticide application.  B) 
Spores of F. mosseae forming on the root samples of a tomato plant treated with captan 28 
days post pesticide application. Digital photos taken using Leica Application Suite at 400x 
magnification using a compound microscope. 

At 28 days post pesticide application there was no significant difference in the 

number of root samples with hyphal coils (Figure 2.11A) between AMF (P = 0.536), 

pesticides (P = 0.324) or interaction between AMF and pesticides (P = 0.476) with 

these observed in almost all treatments.  Spores (Figure 2.11B) were observed in 

three root samples, one each from a plant inoculated with S. calospora and F. 

mosseae and treated with captan, and one inoculated with S. calospora in the non-

treatment control.   

A 

B 
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2.9 Discussion 

In the in vitro spore germination experiment it was observed that all the spores that 

germinated tended to produce a short germ tube that curled around the spore and 

then stop growing.  Other studies have found that without the influence of root 

exudates the germ tubes of AMF in vitro tend to grow around the spore slightly and 

then stop (Harrison, 1999).  Scutellospora calospora had significantly higher spore 

germination rates than the other three species of AMF.  The two Acaulospora 

species had the lowest germination rates, perhaps because they are slower to 

germinate than the two other species (Hart and Reader, 2002), or because they are 

less likely to germinate in the absence of root exudates (Harrison, 1999).  Bacteria 

associated with AMF spores have even been shown to influence spore germination, 

both negatively and positively (Xavier & Germida, 2003).  There were no significant 

differences in spore germination between the pesticides and non-treatment control.  

There was a slight inhibition of A. capsicula by the pesticide treatments.  Schreiner 

and Bethlenfalvay (1997) found that Captan (at 10 mg/kg) had no effect on the 

germination of the three AMF species they studied, one of which was F. mosseae.  

Buysens et al. (2015) found that the fungicides azoxystrobin, flutolanil and 

pencycuron had no effect on the spore germination of Rhizophagus irregularis at 

rates used to control the pathogen Rhizoctonia solani.  Assaf et al. (2009) found that 

soil drenches of the fungicide metalaxyl at 50 g/kg could not completely eliminate 

AMF propagules in the soil.  Menendez et al. (1999) found that the insecticide 

dimethoate increased spore germination of Gigaspora roseae, had no effect on F. 

mosseae germination and decreased the germination of Scutellospora castaneae.  

These studies support the findings of this experiment that AMF spores can survive in 

the presence of certain pesticides and that different AMF species can differ in their 

responses.  Chiocchio et al. (2000) found that F. mosseae spore germination was 

inhibited by benomyl at recommended rates, but small spores were more resistant 

to the fungicide than larger ones.   

There was a trend of higher number of spores retrieved in the chlorpyrifos 

treatment and non-treatment control in the first pot trial for all AMF species 

compared to the fungicide treatments, but this was not significant.  Previous studies 

have shown beneficial effects of some nematicides and insecticides on AMF root 
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colonisation and spore production particularly at lower rates.  This may be due to 

the inhibitory effect on fungivorous insects, mites and nematodes rather than a 

direct stimulatory effect (Johnson and Pfleger, 1992; Sreenivasa and Bagyaraj, 1989). 

However, since the experiment was conducted in potting mix likely to have low 

levels of these organisms it is probably not the main reason here.  It is more likely 

that the fungicide treatments had a small inhibitory effect on spore numbers.  Spore 

counts in 50 mL of potting mix were also quite low considering the original inoculum 

levels in each pot were between 4-7 spores/g of inoculum.  Sporulation has been 

found to be seasonal in other studies with some species sporulating preferentially in 

spring and others in autumn (Becerra et al., 2011).  This pot experiment was run 

from February to April and may have missed the optimal sporulation season for 

these particular AMF species.  This was also a relatively short period of time and 

some species of AMF, notably A. laevis, spores can remain dormant for up to six 

months (Tommerup, 1983).  

Tomato growth was unaffected by either AMF or pesticides in the first pot 

experiment, but in the second pot experiment differences in growth were seen.  The 

differences noted between the two experiments are most likely owing to the 

different growth media used as both experiments were carried out in late summer 

early autumn and continued for similar time periods (82 days for the first 

experiment and 66 and 84 days respectively for the first and second harvests of the 

second experiment).  The potting mix only had limited P, all other fertiliser additives 

were at standard levels, and therefore the availability of the other nutrients may 

have obscured any growth differences conferred by the different AMF species.  At 

the first harvest, 10 days post pesticide application, the shoot diameter, shoot and 

root dry weights were smaller in the no-added mycorrhizae control, indicating that 

inoculation with AMF gave the plants an initial boost in growth.  By the second 

harvest (28 days post pesticide application) there was a definite trend towards F. 

mosseae inoculated plants being consistently larger than those inoculated with S. 

calospora and the no-added mycorrhizae control.  This was borne out by the 

flowering and fruiting incidence, which was much higher in the F. mosseae 

inoculated plants than those inoculated with S. calospora and the no-added 

mycorrhizae control.  Other studies have also shown an increase flowering with AMF 
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inoculation.  Pelargonium plants had significantly higher numbers of buds and 

flowers when inoculated with AMF compared to non-inoculated controls (Perner et 

al., 2007).  AMF inoculation significantly shortened the time to flowering of 

chrysanthemums by up to 2 weeks compared to non-inoculated control plants (Sohn 

et al., 2003).  Harlequin flowers (Sparaxis tricolor) inoculated with Glomus 

intraradices flowered 7-8 days sooner and plants produced more flowers per 

inflorescence and more flowers per plant than the non-inoculated control plants 

(Scagel, 2013).  In zinnia plants inoculated with Gigaspora margarita, G. rosea, 

Glomus intraradices or G. mosseae only G. mosseae increased the number and size 

of flowers (Long et al., 2010).  However Linderman and Davis (2004) found that 

marigold cultivars inoculated with Glomus intraradices, G. mosseae, G.deserticola 

and Gigaspora albida did not vary in flower numbers between AMF and non-AMF 

plants.  To further investigate the effect of AMF on tomato fruit production 

experiments conducted over longer time periods and under field conditions would 

be useful.  This effect was only investigated for one cultivar (Moneymaker) and 

different cultivars may respond in different ways to different AMF species (Chapter 

3).  

For the first pot experiment the mycorrhizal growth response (MGR) for the 

different AMF species was mostly positive, however the chlorpyrifos and non-

treatment control treatments had negative MGR results.  For the second pot 

experiment the MGR at both harvest times was positive for both species of AMF 

regardless of the pesticide treatments.  However the MGR results for the second 

harvest were lower than for the first.  This may be owing to the AMF stripping the 

limited nutrients available in a pot experiment and decreasing the difference 

between the inoculated plants and the non-inoculated control, or because the 

added time period allowed the colonisation by the background AMF in the soil in the 

non-inoculated control plants to reach a similar level to that in the inoculated plants.  

The method used to assess colonisation only measured the presence/ absence of 

colonisation within tomato roots.  Using a more accurate measure of colonisation, 

such as the gridline intersect method may have provided more clarity about the 

proportion of colonisation in the non-inoculated control plants compared to those 

inoculated with AMF.   
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In the first pot experiment there were no differences observed in tomato growth 

between the pesticide treatments.  However, in the second pot experiment some 

differences were apparent between the pesticide treatments on S. calospora 

inoculated plants at 10 days post pesticide application in the shoot diameter and 

shoot and root dry weights, with both the carbendazim and chlorpyrifos treatments 

seeming to boost growth compared to the non-treatment control, but shoot height 

was unaffected.  At 28 days post pesticide application there were significant 

differences in all the tomato growth parameters, however this was due to the 

carbendazim and chlorpyrifos treatments boosting growth compared to the captan 

treatment and non-treatment control.  Sreenivasa and Bagyaraj (1989) found that 

the fungicides Carbofuran and Captan applied to pot cultures of Glomus 

fasciculatum at half the recommended rates (144 and 125 mg respectively) 

significantly increased the percentage of root colonisation of Rhodes grass (Chloris 

gayana) and spore production and the insecticides formothion and malathion had 

no deleterious effects at half the recommended rate. 

Unlike the spore germination from the in vitro experiment, root colonisation from 

the first pot experiment showed a difference between the pesticide treatments.  As 

expected the two fungicides had a significant effect on the number of tomato root 

samples colonised by AMF compared to the insecticide and non-treatment control, 

however the clover root samples, which were harvested 28 weeks after the tomato 

plants, had no differences between pesticide treatments, suggesting that any impact 

that pesticides have on AMF may be temporary.  Allison et al. (2007) found that 

after three years there was little or no impact of the fungicide benomyl (a fungicide 

from the same benzimidazole family as carbendazim) on AMF colonisation in a 

mixed plant species community.  This is borne out by the results from the spore 

germination experiment which showed that germination of three of the four AMF 

species was unaffected by the three pesticides.     

In the second pot experiment, which used unsterilized soil as a medium, 

carbendazim inhibited root colonisation by S. calospora at 10 days post pesticide 

application, but did not have much effect on F. mosseae or roots with no-added 

mycorrhizae.  By 28 days post pesticide application the inhibition of S. calospora 
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colonisation had disappeared.  Root colonisation by F. mosseae did not appear to 

increase much between the two harvests.  This may be because F. mosseae was 

more susceptible to the pesticides, however as the non-treatment control also had 

fewer colonised root samples than S. calospora and no-added mycorrhizae it is more 

likely that a tapering off of colonisation, perhaps due to season, is natural for this 

species.  Venedikian et al. (1999) reported that Glomus mosseae spores germinated 

once removed from media containing carbendazim and chlorothalonil indicating 

that the pesticides had a fungistatic rather than fungicidal effect.  Other studies have 

shown that AMF populations or colonisation can increase once the pesticide is 

removed or has broken down (Allison et al., 2007; Bary et al., 2005).  There was a 

trend for fewer colonised root samples in the chlorpyrifos treatment than the 

fungicide treatments and non-treatment control.  The difference may due to the 

fungicides being degraded in the soil.  Pesticides are often broken down in the soil 

by microorganisms (Bary et al., 2005).  Chlorpyrifos is not readily broken down by 

soil microbes, although it is more easily broken down in alkaline media  (Rathore and 

Nollet, 2012).  Captan is biodegraded in the environment within a few days (Material 

Safety Data Sheet Crop Care Captan WG); carbendazim is readily absorbed by plants 

and decomposes in the environment on bare soil within 6-12 months (Material 

Safety Data Sheet Carbendazim).  

The fungicides appeared to have less effect on AMF colonisation in the soil 

experiment compared to the potting mix experiment.  This may be due to the 

presence of diverse microbial populations in the soil rather than in potting mix 

affecting the breakdown of the pesticides in the soil, or influencing or enhancing the 

ability of AMF to colonise roots (Rathore and Nollet, 2012; Tommerup, 1985; 

Andrade et al., 1998). 

There is possibility that microscopic identification of AMF colonisation could have 

misidentified saprophytic or pathogenic fungi as AMF.  However since the presence 

of arbuscules was used as the definitive measure of colonisation by AMF this is 

unlikely.  Additionally, if arbuscules were not present or a clear view of a possible 

arbuscule could not be obtained to give a definitive identification the sample was 

recorded as not colonised.  Colonisation by saprobic and possibly pathogenic fungi 
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were observed in several of the root samples, however many were easily eliminated 

as they had septate hyphae and AMF hyphae are aseptate.  Oomycetes also tend to 

be aseptate and have large hyphae, which is why arbuscules were used as the 

definitive measure of colonisation.  The method used (presence/absence of 

colonisation in a replicate) was not able to determine the level of colonisation in 

each of the replicates.  In addition, only a relatively small portion of the total root 

from each replicate plant was assessed and may not reflect the actual colonisation 

level of the total root.  However this method was used as the initial hypothesis was 

that fungicides in particular would entirely eliminate AMF from the tomato roots.  As 

this did not occur, either the gridline intersect method used by Brundett et al. (1996) 

or  cutting the root samples into 1 cm pieces and assessing each piece would have 

given a more accurate assessment of the treatments that reduced the level of 

colonisation.       

Cross contamination in the potting mix experiment caused considerable difficulties.  

Vesicles were observed in many of the supposedly S. calospora colonised root 

replicates.  As S. calospora does not produce intraradicle vesicles this supports the 

contamination evidence found in the spore counts (Section 2.8.1).  Perhaps a better 

method would have been to set the experiment up in randomised blocks of each 

AMF species to prevent cross contamination via water splash instead of a fully 

randomised design, or to have a bigger area available to allow more space between 

pots.  Other researchers have also encountered contamination problems with AMF 

in non-inoculated controls (Sohn et al., 2003).  Contamination was to be expected in 

the pot experiment using soil as there was an indigenous AMF population in the soil.  

This experiment was designed to more closely resemble a field trial situation with an 

indigenous microflora. 

Before beginning these experiments I had hypothesised that pesticides, particularly 

fungicides, would have an obvious and ongoing detrimental effect on the four AMF 

species.  These three experiments have shown an unexpected robustness in AMF 

responses to the three pesticides used.  The next two chapters will explore the 

effect of cultivar selection and biofumigant crops on the same four species of AMF. 
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Chapter 3: The effect of cultivar selection on the 

establishment of arbuscular mycorrhizal fungi 

3.1 Introduction 

The benefits of mycorrhiza generally diminish with increasing fertility, high yielding 

cultivars of crop plants bred under fertilized conditions may select for cultivars that 

are less susceptible to colonisation by AMF (Johnson and Pfleger, 1992).  Cultivar 

responses can be positive, neutral or negative to AMF and many studies have shown 

variability in the growth and yield responses of different cultivars depending on the 

AMF they were inoculated with (Bleach et al., 2008; Sensoy et al., 2007; Linderman 

and Davis, 2004; Hetrick et al., 1996).      

Wheat cultivars developed after 1950 are consistently less dependent on mycorrhiza 

than those bred before 1950 suggesting that modern breeding practices on fully 

fertilised soils has reduced the plants’ dependence on mycorrhizal symbioses 

(Hetrick et al., 1993; Hetrick et al., 1995).  A subsequent study assessed the effect of 

five AMF species on 10 wheat cultivars.  Growth (measured by dry weight) of six 

cultivars responded positively to AMF, while the remaining four responded 

negatively or did not respond at all to AMF inoculation.  The responses of the 

individual cultivars were consistent regardless of the AMF species used, therefore 

mycorrhizal responsiveness in this case appeared to be an inherited trait of the host 

plant rather than a response to individual AMF species (Hetrick et al., 1996).  A 

similar outcome with thirteen different cultivars of wheat was shown by the work of 

Azcón and Ocampo (1981). 

Studies have also been done on dicotyledonous plants.  Bryla and Koide (1998) 

found that a cultivar of tomato that was unresponsive to AMF had significantly 

higher root densities than a responsive cultivar.  Another study (Linderman and 

Davis, 2004) found a similar situation in a pot trial on ten marigold cultivars, 

representing African, dwarf and Mexican types, grown in sterilised soil/ potting mix, 

with most varieties responding positively to AMF inoculation; however some 

responded with reduced growth.  There was also a wide variation in AMF 

colonisation between cultivars, and this was not always correlated with an increased 
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shoot and root dry weight.  Growth of five cotton cultivars varied considerably in 

their response to Gigaspora margarita (Pugh et al., 1981); and a study of eight 

different seedling pepper cultivars (grown in a growth chamber) found that the 

growth of five cultivars responded positively to inoculation with Glomus intraradices 

(syn. Rhizophagus intraradices) and Gigaspora margarita and three responded 

negatively (Sensoy et al., 2007).  Two different studies looking at the effect of G. 

fasciculatum on cultivars of menthol mint and Welsh onion (Gupta et al., 2002; 

Tawaraya et al., 2001) also found variable responses in growth, yield and AMF 

colonisation between cultivars. 

A study by Steinkellner et al. (2012) investigating the effect of a single AMF species 

(G. mosseae) on the response of 10 tomato cultivars (wild-type, old and modern) to 

the presence or absence of the pathogen Fusarium oxysporum f. sp. lycopersici 

showed that in the absence of the pathogen, percentage root colonisation by G. 

mosseae differed in the various cultivars. However, this was not related to whether 

the cultivar was old, modern or wild-type.  Another study, using a single tomato 

cultivar, looked at the effect of three different species of Glomus (G. intraradices, G. 

mosseae and G. claroideum) (and the root rot pathogen Pythium aphanidermatum) 

on tomato growth parameters and harvest times.  All three AMF reduced shoot dry 

weight and root fresh weight compared to the non-inoculated control (Larsen et al., 

2012). 

Many studies use either only one cultivar or one AMF species.  For this reason the 

aim of the current study was to determine whether three different tomato varieties 

responded differently with regard to colonisation, growth and flowering, to four 

different arbuscular mycorrhizal species.  The three cultivars were selected; a 

popular heirloom garden variety, ‘Moneymaker’ (www.westcoastseeds.com, 2015), 

a cherry tomato, ‘Sweet One Hundred’, and an heirloom green tomato, ‘Aunt Ruby’s 

German Green’.  The three cultivars were selected to provide the greatest genetic 

diversity possible. The overall objective was to determine the effect of four species 

of AMF on the growth of the three tomato cultivars when grown in soil. Two species 

of Acaulospora, A. laevis and A. capsicula, and Funneliformis mosseae (syn. Glomus 

mosseae), and Scutellospora calospora were used in this experiment.    
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3.2 Materials and Methods 

3.3.1 AMF culture and inoculum production 

The isolates in this experiment were the same as those used in Chapter 2.  AMF 

spore inoculum for each isolate were obtained from clover pot cultures and 

prepared as described in Section 2.2.1.   

3.2.2 Experimental Design  

Fifteen replicate pots of the three tomato cultivars (‘Moneymaker’, ‘Sweet One 

Hundred’ and ‘Aunt Ruby’s German Green’) for each of the four species of 

arbuscular mycorrhizal fungi and non-mycorrhizal control were set up in soil 

obtained from Lincoln University.  Tomato seeds from the three different cultivars 

were placed in tap water to rinse off any fungicides and soaked for 1 hour to allow 

the seeds to imbibe.  Plant pots (500 ml) were filled ¾ full with soil (not sieved but 

with large stones removed).  The soil, a silt loam, was obtained from an 

experimental plot at Lincoln University that had been in grass and grazed by sheep 

for approximately 10 years with minimal fertiliser inputs. The background AMF of 

this soil was checked in eight random soil samples using the methodology described 

in Section 2.2.  The number of spores ranged from 3-7 spores in 1 g of soil, with an 

average of 4 spores/g of soil.  Approximately 5 g of AMF inoculum (Section 2.2.3) 

(containing approximately 4 spores/g for A. capsicula and F. mosseae, 7 spores/g for 

S. calospora, and 10 spores/g for A. laevis) was placed on top of the soil.  Three 

tomato seeds were placed immediately on top of the AMF inoculum and covered 

with 5 mm of soil. 

The pots were then laid out on a mesh table in a randomized block design in the 

Lincoln University Nursery glasshouse.  The plants were gently watered when 

required, care taken to avoid splashing between pots and all weeds removed by 

hand.  After the seeds germinated they were thinned to one tomato plant per pot.  

After 3 weeks the tomato plants were placed under high pressure sodium lamps 

(Son-T Agro 400, Philips) (Figure 3.1) to encourage growth. Five plants per treatment 

were harvested at 6 weeks old (Figure 3.2) and shoot height and stem diameter and 

root/shoot dry weights measured as described in Section 2.4.3.  Root colonisation 

was not assessed for these plants as the roots were too small.  The remaining ten 
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tomato plants per replicate were grown under lights for a further 3 weeks (9 weeks 

old). The flowering status of plants in each treatment at the 9 week harvest was also 

noted as having flower buds or not. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Tomato cultivars under lights in the Lincoln University Nursery 
between the first and second harvests at 6 and 9 weeks.

 

 

 
Figure 3.2: Representative 6 week old Sweet 100 plants treated with the different AMF treatments 

(AC = A. capsicula, AL = A. laevis, SP = Scutellospora calospora, GM =- Funneliformis mosseae (syn. 

Glomus mosseae), and NAM = no mycorrhizal control) prior to the first harvest. 



83 
 
 

 

3.2.3 Statistical analysis 

Shoot height, stem diameter and shoot and root dry weight data were subject to analysis of 

variance (ANOVA) with treatment means compared using Fisher's protected least 

significant difference tests (LSD) at P<0.05.  Arbuscular mycorrhizal colonisation data were 

subject to Pearson’s Chi-square test.  The number of tomato plants which had flowered 

were analysed using Pearson’s Chi-square test. Chi-square analysis was carried out using 

Minitab 15 with all other analysis carried out using GenStat 12.2. 

3.3 Results 

3.3.1 Tomato Growth 

The shoot diameters at the first harvest, at six weeks, showed no significant difference (P = 

0.148) between the three cultivars (Appendix 2).  The shoot height showed a significant 

difference (P < 0.001) between the three cultivars.  Aunt Ruby’s German Green plants were 

significantly taller (75.1 mm) than both Moneymaker (63.4 mm) and Sweet 100 (58.7 mm 

(Table 3.1)).  There was no significant difference (P = 0.845 and P = 0.216) between the 

AMF species and no significant interaction (P = 0.618 and P = 0.346) between AMF and 

cultivars for either shoot diameter or height, respectively (Table 3.1).   

At the second harvest, at nine weeks, there was a significant difference (P < 0.001) in the 

stem diameter between the three cultivars with Moneymaker (4.31 mm) having 

significantly thicker stems than Sweet 100 (3.75 mm) and Aunt Ruby’s German Green (3.90 

mm) (Table 3.2).  There was no significant difference (P = 0.538) between the AMF species 

and no significant interaction (P = 0.301) between AMF and cultivars.  Shoot height showed 

a significant difference (P = 0.002) between the cultivars, with significantly taller plants 

recorded for Aunt Ruby’s German Green (169.1 mm) than Moneymaker (146.4 mm) or 

Sweet 100 (150.4 mm).  There was no significant difference between the AMF species (P = 

0.102) or interaction (P = 0.052) between the cultivars and AMF (Table 3.3). 

Table 3.1:  Mean shoot height (mm) of three tomato cultivars inoculated with four AMF species or 
no added mycorrhiza control (NAM) at 6 weeks. Mean of 5 replicates. 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
Cultivars 

A. capsicula 57.91 59.6 79.7 65.8  
A. laevis 73.0  57.4 83.9 71.4  
S. calospora 67.5 55.7 75.2 66.2  
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F. mosseae 57.1 58.0 67.1 62.1  
NAM 61.7 62.9 69.6 64.7  

Mean across 
AMF 

63.4 a 58.7 a 75.1 b  

1Values within a row followed by the same letters are not significantly different according to Fishers 
LSD at P = 0.05 (LSD = 6.917).  Across AMF inoculation cultivar means were significantly different (P < 
0.001), but there was no significant effect of AMF treatment (P= 0.845) or interaction between 
cultivar and AMF treatment (P= 0.216). 

Table 3.2: Mean shoot diameter (mm) of three tomato cultivars inoculated with four AMF species 
or no added mycorrhiza control (NAM) at 9 weeks.  Mean of 10 replicates. 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula 4.54 3.57 3.99 4.03  
A. laevis 4.58 3.69 4.21 4.16  
S. calospora 4.26 3.77 3.86 3.84  
F. mosseae 3.91 3.80 3.53 3.75  
NAM 4.26 3.91 4.26 4.14  

Mean across 
AMF1 

4.31 a 3.75 b 3.90 b  

1Values within a row followed by the same letters are not significantly different according to Fisher’s 

LSD at P = 0.05 (LSD = 0.219).   Across AMF inoculation cultivar means were significantly different (P 

< 0.001), but there was no significant effect of AMF treatment (P= 0.538) or interaction between 

cultivar and AMF treatment (P= 0.301).  

Table 3.3: Mean shoot height (mm) of three tomato cultivars inoculated with four AMF species or 
no added mycorrhiza control (NAM) at 9 weeks.  Mean of 10 replicates. 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula 139.7 154.2 183.9 159.3  
A. laevis 169.9 152.2 179.6 167.2  
S. calospora 137.1 125.9 177.2 146.7  
F. mosseae 127.9 146.6 130.7 135.1  
NAM 142.2 173.2 174.0 163.1  

Mean across 
AMF1 

146.4 a 150.4 a 169.1 b  

1Values within a row followed by the same letters are not significantly different according to Fishers 
LSD at P = 0.05 (LSD = 14.36).  Across AMF inoculation, cultivar means were significantly different (P 
= 0.002), but there was no significant effect of AMF treatment (P= 0.102) or interaction between 
cultivar and AMF treatment (P= 0.052). 

Shoot and root dry weight at the first harvest showed no significant differences between 

the three cultivars, the AMF species and no interaction between AMF and cultivars in either 

shoot or root dry weights (Appendix 2).  
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By the second harvest at nine weeks there was a significant difference (P = 0.016) in the 

shoot dry weight between the AMF species, with shoots of tomatoes inoculated with S. 

calospora (1.04 g) and F. mosseae (1.02 g) significantly lighter than those inoculated with A. 

capsicula (1.44 g), A. laevis (1.44 g) and no added mycorrhizae (1.47 g); and cultivars (P < 

0.001), with Moneymaker significantly heavier (1.57 g) than Sweet 100 (1.18 g) and Aunt 

Ruby’s German Green (1.10 g). There was no significant interaction (P = 0.173) between 

cultivar and AMF treatment (Table 3.4).  Root dry weights at the second harvest were not 

significantly affected by cultivar (P = 0.088), AMF inoculation (P = 0.320) or interaction 

between cultivar and AMF inoculation (P = 0.239) (Appendix 2). 

Table 3.4: Mean shoot dry weight (g) of three tomato cultivars inoculated with four AMF species 
or no added mycorrhiza control (NAM) at 9 weeks.  Mean of 10 replicates. 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula 1.60 1.29 1.42 1.44 a 
A. laevis 2.07 1.29 0.95 1.44 a 
S. calospora 1.36 0.74 1.03 1.04 b 
F. mosseae 1.22 1.18 0.74 1.02 b 
NAM 1.71 1.38 1.43 1.47 a 

Mean across 
AMF1 

1.57 a 1.18 b 1.10 b  

1Values within a row or column followed by the same letters are not significantly different according 
to Fishers LSD at P = 0.05 (LSD = 0.3313).  Across AMF inoculation cultivar means and across cultivar 
AMF treatments means were significantly different (P = 0.016 and P < 0.001 respectively), but there 
was no significant interaction between cultivar and AMF treatment (P= 0.173).  

The responsiveness of the three tomato cultivars to the four species of AMF was calculated 

using the mycorrhizal growth response (MGR) formula (MGR = 100*(AM-NAM)/NAM) 

recommended by Smith and Smith (2011) as the best measure of mycorrhizal 

responsiveness.  At the first harvest after 6 weeks growth both Moneymaker and Sweet 

100 varied in their response to the specific AMF species with some causing a positive 

growth response compared to the control and others causing a negative response, with 

Moneymaker having a mean negative MGR of -5.634 and Sweet 100 having a mean positive 

MGR of 5.423.  Aunt Ruby’s German Green had negative growth response to all the AMF 

species and a mean MGR of -34.480.  Acaulospora capsicula had a negative growth 

response on all three cultivars, whereas, A. laevis, and F. mosseae had a positive effect on 

Moneymaker and Sweet 100 and S. calospora had a positive effect on Sweet 100 (Table 

3.5). 
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Table 3.5: Mean mycorrhizal growth response of three cultivars of tomato inoculated with four 
AMF species at 6 weeks using total dry weight (g) in the calculation MGR = 100*(AM - NAM)/NAM 
(Smith &Smith, 2011). 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula -37.746 -17.460 -30.899 -28.702 
A. laevis 7.042 3.704 -50.562 -13.272 
S. calospora -4.789 3.175 -35.674 -12.429 
F. mosseae 12.958 32.275 -20.787 8.149 

Mean across 
AMF1 

-5.634 5.423 -34.480  

 

By the second harvest at 9 weeks the mycorrhizal growth response of all three cultivars to 

AMF was negative with the exception of Moneymaker to A. laevis (Table 3.6).  

Table 3.6: Mean mycorrhizal growth response of three cultivars of tomato inoculated with four 
AMF species at 9 weeks using total dry weight (g) in the calculation MGR = 100*(AM - NAM)/NAM 
(Smith &Smith, 2011). 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula -0.488 -8.273 -1.033 -3.265 
A. laevis 27.021 -8.454 -29.587 -3.673 
S. calospora -16.169 -45.048 -24.666 -28.628 
F. mosseae -22.301 -13.043 -47.779 -27.708 

Mean across 
AMF1 

-2.984 -18.705 -25.766  

 

There was no significant effect of AMF inoculation (P= 0.151), or cultivar (P= 0.156), or 

interaction between AMF and cultivar (P = 0.320) on flowering, with 61.33% of plants 

reaching the flower bud stage at the 9 weeks harvest across all treatments.  It was 

observed flowering did seem to be affected by the distance of the plant from the lights, 

with plants furthest from the overhead lights being less likely to have reached the flower 

bud stage.  

3.4.2 AMF Root Colonisation 

There was a significant difference (P = 0.021) in the number of tomato plant roots with 

AMF colonisation after 9 weeks growth between the three cultivars, with Sweet 100 (78%) 

showing significantly higher colonisation than Moneymaker (56%) and Aunt Ruby’s German 
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Green (60%).  There were no significant differences between AMF (P = 0.550) or interaction 

between AMF and cultivars (P = 0.445).  

Presence of arbuscules, hyphae and entry points (Table 3.7) in root samples also showed 

the same significant difference between the cultivars (P = 0.021, P = 0.021 and P = 0.008, 

respectively) as the colonisation data, but there was no significant difference between the 

AMF species (P = 0.550, P = 0.550, P = 0.064, respectively) or interaction between AMF and 

cultivars (P = 0.445, P = 0.445, P = 0.154, respectively).  Non-inoculated controls did not 

differ significantly in the number of root samples with colonisation compared to those 

deliberately inoculated with AMF.   

 

 

 

Table 3.7: Number of tomato root samples of three different cultivars observed with entry points 
after being inoculated with four different species of AMF and non-inoculated control (NAM). 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula 5 5 6 5.3 
A. laevis 4 10 6 6.7  
S. calospora 7 6 4 5.7  
F. mosseae 1 5 3 3.0  
NAM 3 7 4 4.7  

Mean across 
AMF1 

4.0 a 6.6 b 4.4 a  

1Values within the rows or columns followed by the same letters are not significantly different 
according to Chi-square analysis. Across AMF inoculation cultivar means were significantly different 
(P = 0.008), but there was no significant effect of AMF treatment (P = 0.064) or interaction between 
cultivar and AMF treatment (P = 0.154). 

There was a significant difference in the presence of vesicles in root samples between AMF 

(P < 0.001), with S. calospora having significantly fewer samples with vesicles observed 

than A. laevis; but no significant difference (P = 0.152) between cultivars or interaction 

between cultivars and AMF (P = 0.929) (Table 3.8).  Presence of hyphal coils in root samples 

showed no differences between AMF species or cultivars.  Spores were observed in a total 

of five root samples, one each in Moneymaker with A. capsicula and A. laevis, and Sweet 

100 with S. calospora, and two in Sweet 100 with A. laevis (Figure 3.2).  
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Table 3.8: Number of tomato root samples of three different cultivars observed with vesicles after 
being inoculated with four different species of AMF and non-inoculated control (NAM). 

 Tomato cultivar  

AMF species Moneymaker Sweet 100 Aunt Ruby’s 
German Green 

Mean across 
cultivars1 

A. capsicula 2 3 2 2.3 ab 
A. laevis 3 7 5 5.0 b 
S. calospora 3 0 0 1.0 a 
F. mosseae 3 3 2 2.7 ab 
NAM 3 4 1 2.7 ab 

Mean across 
AMF1 

2.8  3.4  2.0   

1Values within the rows or columns followed by the same letters are not significantly different 
according to Chi-square analysis.  Across cultivars AMF treatment means were significantly different 
(P = 0.001) but there was no significant effect of cultivar (P= 0.152) or interaction between cultivar 
and AMF treatment (P= 0.929). 
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When total dry weight at 9 weeks was correlated to the presence or absence of 

colonisation, there was no correlation (Excel function) between dry weight the 

cultivars and colonisation (Moneymaker r = 0.082, Sweet 100 r = 0.094, Aunt Ruby’s 

German Green r = 0.272 (r = correlation coefficient)).  No correlation was evident 

between dry weight and colonisation for the AMF species (A. capsicula r = 0.172, A. 

laevis r = -0.045, S. calospora r = -0.001, F. mosseae r = 0.046), but there was a very 

weak positive correlation between dry weight and colonisation of the no-added-

mycorrhiza r = 0.320. 

 

Figure 3.2: Spore on Sweet 100 tomato root inoculated with A. laevis. 

3.5 Discussion 

The three cultivars exhibited differences in most growth parameters at both the six 

and nine week harvests.  This was expected due to the different growth 

characteristics of the different cultivars. There were few significant differences 

between treatments with the four AMF species and the non-inoculated control for 

growth parameters, except for the mean shoot dry weights of tomato plants 

inoculated with F. mosseae and S. calospora, being lower across all cultivars at 9 

weeks compared to the non-inoculated control.  Other researchers have shown that 

inoculation with a particular AMF species can reduce growth parameters of some 

cultivars.  Acaulospora laevis significantly decreased the dry matter of two out of six 

grapevine cultivars, but increased the dry matter of the other four (Bleach et al., 

2008). Similarly, Sensoy et al. (2007) found that the growth of five cultivars of 

peppers responded positively to inoculation with Glomus intraradices and Gigaspora 
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margarita and three responded negatively. Linderman and Davis (2004) found in a 

pot trial on ten marigold cultivars (from three different species) that one AMF 

species (Gigaspora albida) failed to colonise any marigold cultivars.  However, this 

did not result in significantly lower growth for any of the cultivars, and for one 

cultivar (Jubilee) growth rates were significantly higher than those of plants 

inoculated with Gl. mosseae, that had 70% colonisation.     

Although AMF are often thought of as generalists some species appear to be more 

conducive to increasing or decreasing the growth of a particular plant species or 

cultivar (Azcón and Ocampo, 1981; Hetrick et al., 1993; Hetrick et al., 1996; Hetrick 

et al., 1995).  This experiment has not shown distinct differences in response of 

particular cultivars to a particular AMF species, although there were differences in 

the mycorrhizal responsiveness of the three cultivars with most of the responses of 

the cultivars being negative to most of the AMF species and Aunt Ruby’s German 

Green having negative MGR scores to all four AMF species, particularly at the 6 

week harvest.  Hetrick et al. (1996) observed that six out of ten wheat cultivars 

responded positively to AMF inoculation and concluded that the response was due 

to inherited mycorrhizal sensitivity of the cultivars rather than a particular AMF 

species.  This result was also observed in the response of eight seedling pepper 

(Capsicum annum) cultivars to two AMF species, with five cultivars responding 

positively and three negatively regardless of AMF species (Sensoy et al., 2007).  This 

study has shown only a negative effect on shoot dry weight of two species of AMF 

with S. calospora and F. mosseae inoculated plants having significantly lighter shoot 

dry weights across all three cultivars than the two Acaulospora species and the no-

added-mycorrhiza control.  This may be due to differences in crop (tomato vs. wheat 

or capsicum); whether the cultivars were bred pre- or post- 1950’s; the AMF species 

used; or even the particular isolates of AMF.  The growth depression of the three 

tomato cultivars may be owing to the AMF acting as a carbon sink in seedlings and 

positive responses may have become more evident with time and greater contrasts 

may have been evident between the cultivars and AMF species.  Mycorrhizal fungi 

can be considered parasitic when the net cost outweighs the net benefit to the host 

plant (Johnson et al., 1997).  Also this study used unsterilized soil, and naturally 

occurring AMF may have had an effect on the interaction between the AMF species 

and the cultivar, particularly as the no-added-mycorrhiza controls were not free of 

AMF.  Repeating the experiment in sterilised soil or with functionally non-
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mycorrhizal mutants could highlight these effects as suggested by Smith and Smith 

in their 2011 review of AMF colonisation in crop plants.   

In the present study, the heritage variety, Aunt Ruby’s German Green and 

Moneymaker (both pre- 1950’s varieties) were not colonised more frequently, nor 

did they display more responsive growth rates than the modern hybrid Sweet 100.  

This agrees with the results of Steinkeller et al. (2012) who found no correlation 

between the historic “age” of tomato cultivars and growth responsiveness.  In 

contrast, a study of winter and spring wheat cultivars (a combination of pre-1950 

and modern cultivars) inoculated with a mixture of AMF and grown for 14 weeks, 

found that the pre-1950 cultivars were more dependent on mycorrhiza than the 

modern cultivars.  The authors concluded that modern breeding work done in fully 

fertilised soils had resulted in selection of genotypes that are less responsive to AMF 

(Hetrick et al., 1993).  This effect was not seen in this study.  However, as only three 

cultivars were used in the current study this cannot be considered conclusive.  More 

cultivars, perhaps including wild types, representing different “ages” may test this 

hypothesis more thoroughly.   

Of the cultivars Sweet 100 seemed more conducive to AMF colonisation with a 

higher percentage of Sweet 100 plants colonised with AMF than either Moneymaker 

or Aunt Ruby’s German Green.  However, the higher percentage of plants with root 

colonisation of Sweet 100 over all AMF species did not result in increased growth 

parameters for this cultivar compared to the non-inoculated control.  The method 

used (presence/absence of colonisation in a replicate) was not able to determine the 

level of colonisation in each of the replicates.  In addition, only a relatively small 

portion of the total root from each replicate plant was assessed and may not reflect 

the actual colonisation level of the total root. However Linderman and Davis (2004) 

showed that there was a wide variation in AMF colonisation between marigold 

cultivars, ranging from less than 10% to over 70% of the root, and that this was not 

always correlated with an increased shoot and root dry weight.  Chávez and Ferrera-

Cerrato (1990) found that the yield of strawberry cultivars was not related to root 

colonisation with three species of Glomus (G. macrocarpum, G. versiforme and an 

unidentified Glomus species).  Chávez and Ferrera-Cerrato’s study was not clear on 

the technique they used as a measure of colonisation, so is not easily comparable to 

the current study.  Therefore percentage of root colonisation, which is often used as 
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a measure of mycorrhizal success, does not necessarily relate to an increase in 

growth parameters.  A study examining the development of external hyphae of 

Glomus species in relation to root colonisation found that the amount of root 

colonisation did not always equate to the extra-radical mycelial development and 

was not necessarily a good measure of the potential benefit to the host plant 

(Graham et al., 1982).  Further work looking at the proportion of root colonisation 

and the extent of the external mycelium compared to growth parameters would 

provide information on the interaction between tomato cultivars and different AMF 

species.  In addition, ‘strains’ of a particular AMF species isolated from different host 

plants may vary in their effect on tomato growth. The isolates used in the present 

study originated from woody plant species (apple, macrocarpa and grapevines) and 

isolates originating from tomato may be more beneficial to growth of an annual crop 

plant.  Despite the assumption that AMF are generalists, their effect on plant species 

can vary considerably with different plant-fungal combinations.  AMF can vary in the 

amount of root they colonise and patterns of sporulation when associated with 

different hosts and different AMF isolates (Urcelay et al., 2009).  It was for this 

reason that four different AMF species were used in the current study.     

The lack of growth response in relation to AMF inoculation in the present study may 

be related to the nutrient level, in particularly P level, being sufficient to support 

plant growth.  For plants P is often an element that is required in large amounts 

early in growth when roots are small.  Perhaps harvesting at 2 or 3 weeks as well as 

6 and 9 weeks would have yielded more significant results.  Only one soil type (silt 

loam) obtained from a plot at Lincoln University that had been in grass and grazed 

by sheep for approximately 10 years, and had had no fertiliser inputs was used.  

Despite the lack of fertiliser inputs, the P levels of this soil may have been too high 

to affect AMF responsiveness; however soil nutrient tests were not carried out so 

this cannot be confirmed. Two tomato cultivars (one responsive to AMF and the 

other non-responsive) grown in sterilised soil (with four different P levels) until fruit 

set, showed that under low P conditions the AMF dependent cultivar had enhanced 

vegetative plant growth compared to non-inoculated controls, but mycorrhizal 

colonisation did not significantly affect the non-responsive cultivar.  The AMF 

dependent cultivar also grew poorly without AMF except at the highest P level (Bryla 

and Koide, 1998).  Further study looking at a number of different soil types (peat, 
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clay etc.) and P levels may have different AMF dependence results by tomato 

cultivars.   

Two tomato cultivars (one responsive to AMF and the other non-responsive) grown 

in sterilised soil had similar levels of colonised root lengths regardless of their 

responsiveness to AMF (Bryla and Koide, 1998), however the current study used 

tomatoes grown in non-sterilised soil.  The natural background levels of AMF may 

have had an effect on the colonisation results.  This is indicated by the levels of 

colonisation in the no-added-mycorrhizal control being similar to that in the AMF 

inoculated treatments. Further, since vesicles were observed in three Moneymaker 

plants samples inoculated with S. calospora with Scutellospora species not reported 

to produce vesicles (www.invam.wvu.edu, 2013) this indicates colonisation by the 

native soil AMF community.  Also there was no correlation in this study between the 

presence of AMF colonisation and an increase in plant growth.  

In the current study, no effect of AMF inoculation on tomato flowering was seen. In 

contrast, tomatoes inoculated with Rhizophagus intraradices were shown to have 

significantly higher number of flowers and fruit than non-inoculated controls, and 

the tomato fruits had higher quantities of ascorbic acid and total soluble solids 

(Subramanian et al., 2006).  Similar yield results were also found by Bryla and Koide 

(1998) in their study of two tomato cultivars.  In the previous chapter (Chapter 2, 

Section 2.5), a significant positive influence of F. mosseae on flowering and fruiting 

of Moneymaker tomatoes compared to S. calospora and the control was observed, 

but this was not seen in the current experiment.  The reason for the difference in 

the results of the two experiments may be related to the time of year the two 

experiments were conducted at or the length of time they were run for.  The 

experiment in Chapter 2 was run during late summer early autumn (mid-January to 

mid-April), a total of approximately 12 weeks, whereas this experiment was run 

from (mid-March to mid-May) for a total of 9 weeks, and although the plants were 

under lights the environmental conditions were potentially suboptimum to promote 

flowering and fruiting.  Similar results may have been found in the cultivars if the 

experiment had been run at a more optimal season or for longer.   

Non-inoculated controls did not differ significantly in the number of root samples 

with colonisation compared to those deliberately inoculated with AMF; however 

differences may have been apparent if percentage of root colonised per replicate 

http://www.invam.wvu.edu/
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instead of presence/absence of colonisation had been carried out.  There may have 

been a particularly aggressive coloniser in the background AMF that inhibited or out-

competed the inoculant AMF species.  The presence of vesicles in plants inoculated 

with S. calospora, which does not produce vesicles, certainly indicates that 

background AMF did colonise.  The results indicate that in field conditions, without 

heavy P inputs, pre-inoculation of plants may be unnecessary; unless a particularly 

responsive AMF/cultivar interaction is desired.  However, in the pot experiment 

plants were not exposed to biotic or abiotic stresses (such as pathogens or water 

stress) which AMF have been shown to protect against (Rutto et al., 2002; 

Subramanian et al., 2006; Davies et al., 1992; Al-Karaki et al., 2001; Weissenhorn et 

al., 1993; Heggo et al., 1990).  Field trials where plants are exposed to changing 

environmental conditions may expose more differences between plants inoculated 

with AMF and non-inoculated control.  

With increasing growth period (nine weeks versus six weeks) more differences in the 

growth parameters were exhibited between AMF species.  Also the inoculum load of 

the AMF species may have been too much of a carbon sink for young plants.  The 

majority of plants/AMF had a negative MGR at both the six and nine week harvests.  

If the tomato plants in this experiment had been grown at a more optimal time of 

year, or if they had been allowed to grow for perhaps another three weeks or even 

through to fruit production, more differences between the treatments and more 

positive MGR scores may have become apparent.  Chávez and Ferrera-Cerrato 

(1990) in their study of strawberry cultivars found that most AMF treatments 

produced low yields at first, but tended to exceed the non-inoculated controls as the 

season progressed.  It may therefore be interesting to grow the different cultivars 

long enough to harvest fruit and deduce any differences in yield and fruit quality 

with different AMF species.  

In conclusion this experiment did not show any significant differences between the 

responses of the three cultivars to AMF.  All three cultivars were less responsive to 

F. mosseae and S. calospora than A. capsicula and A. laevis. Further study with 

these, and additional, tomato cultivars grown at a more optimal season, for a longer 

time and perhaps assessing fruit yield may elucidate more differences in responses 

to AMF.  Also further experiments investigating responses between sterilized versus 

unsterilized soil and field versus pot experiments, and different soil types and 
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phosphate levels may indicate whether there are differences in beneficial effects of 

AMF species inoculated in different cultivars.     
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Chapter 4: The effect of mustard bio-fumigants on 

arbuscular mycorrhizal fungi 

 

4.1 Introduction 

Bio-fumigation is the use of naturally occurring volatile biological compounds to 

suppress weeds, and control soil borne insects and diseases.   Many brassica species 

have been shown to be an effective soil fumigant against soil-borne insects, 

diseases, nematodes and for weed suppression, when applied as an application of 

seed meal, and as a green manure grown and then incorporated into soil prior to 

planting crops (Fayzalla et al., 2009; Mattner et al., 2008; Rahman and Somers, 

2005; Noble et al., 2002).    

The breakdown of glucosinolates to toxic isothiocyanates by the enzyme myrosinase 

in broken cells, in the Brassicaeae family is involved in a range of biological activities 

as a defence against herbivorous insects and possibly pathogens, and has been 

implicated in the resistance of this family to arbuscular mycorrhizal fungi (Friberg et 

al., 2009; Rask et al., 2000; Bones and Rossiter, 1996; Schreiner and Koide, 1993).  

Many brassica species contain high levels of glucosinolates (the compounds that 

make certain Brassicas ‘hot’ e.g. mustards and radishes) and recently mustard 

cultivars (such as “Caliente 119” and “Caliente 199”) and a rocket cultivar (‘Nemat’) 

have been bred specifically for bio-fumigation and produce high levels of 

isothiocyanates when incorporated into the soil.  For the best bio-fumigant effect 

the mustard plants must be chopped as finely as possible before being incorporated 

immediately into the soil (www.plantsolutionsltd.com).  However one study (Baysal 

and Miller, 2009) found no significant differences in the control of anthracnose 

disease between bio-fumigant cover crops at their study sites and contradictory 

results with other fruit rots.  The authors believed that this was owing to the flail 

mower, used to cut up the cover crops, not cutting the plants finely enough.  This 

study was also focused on fruit rots rather than crown rots. 

Plants in the family Brassicaceae and Chenopodiaceae are some of the few 

agriculturally important plants that are non-hosts for arbuscular mycorrhizal fungi 

(Schreiner and Koide, 1993).  Growth and grain yields of wheat crops in fields 

previously planted with canola or left fallow, were lower than in fields previously 
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planted with wheat, with the plants also having poor root colonisation with AMF, 

with the exception of wheat planted after the canola cultivar “Karoo”, which had 

high levels of AMF colonisation, but still had low yield (Owen et al., 2010).    Studies 

have shown that, in the presence of root exudates from a host plant, hyphae of 

arbuscular mycorrhizal fungi branch extensively and rapidly, but not when they 

encounter the roots of a non-host plant.  This may be due to inhibitory compounds 

produced by non-host plants (Harrison, 1999).  Other studies have shown that plants 

in the Brassicaceae family can have a fungistatic effect.  Schriener and Koide (1993) 

reported a fungistatic effect of isothiocyanates from living roots or fresh root 

extracts of two Brassica species on Glomus etunicatum spores after 7 days.  After 14 

days germination of spores exposed to Brassica nigra had returned to the same 

levels as the control, but Brassica kaber continued to inhibit germination.  

Therefore, as well as being non-hosts for AM fungi, the toxic compounds produced 

by members of the brassica family may also affect the viability of AM spore 

inoculum in the soil, thereby reducing AM colonisation in subsequent crops.  Though 

Ryan et al. (2002) found reduced AMF colonisation of wheat following brassica 

crops, regardless of their types and levels of glucosinolates.  The authors concluded 

that the non-host status of brassicas had more effect on the subsequent AMF 

colonisation of wheat than glucosinolates (Ryan et al., 2002). 

A study by Cantor et al. (2011) found that direct low levels of allyl isothiocyanate 

(~0.001 mM) extracted from garlic mustard (Alliaria petiolata) was inhibitory to 

spore germination of Glomus clarum.  Aqueous extracts of isothiocynates from tall 

hedge mustard (Sisymbrium loselii) incorporated into an agar medium inhibited the 

spore germination of Glomus intraradices (Bainard et al., 2009).   

The overall aim of the study was to test the effect of two different mustard 

biofumigants, brown mustard (Brassica juncea) and Caliente Mustard 199, when 

mulched into the top 10 cm of soil on spore viability of different species of 

arbuscular mycorrhizal fungi. Since the inhibitory volatiles produced during 

biofumigation can potentially affect microbes not directly in the soil area where the 

mustard crop is incorporated, the effect of the biofumigation on spore viability 

when exposed directly to the biofumigant in the top 10 cm of soil and in the soil 

level (10-20 cm) directly below the biofumigant incorporation was assessed.  This 

objective was tested in two experiments. 
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4.2 Impact of February 2011 Earthquake 
The first experiment was affected by the February 2011 earthquake with several 

petri dishes thrown from an incubator and assessment unable to be completed due 

to the closure of Lincoln University for two weeks to assess building safety. The 

experiment was repeated but due to lack of AMF inoculum for F. mosseae and S. 

calospora only A. capsicula and A. laevis were used.  Repeating the experiment also 

meant that the mustards were grown outside the optimum growing season. 

4.3 Materials and Methods 

4.3.1 Experiment 1. The effect of biofumigants on spore germination of 

four AMF species 

This experiment assessed the effect of the two mustard biofumigant crops on the 

viability of four species of AMF, A. capsicula, A. laevis, S. calospora and F. mosseae.  

Two mustard green manures (Brassica juncea; seed supplied by Smiths Seeds Ltd, 

Ashburton) and “Caliente Mustard 199” (seed supplied by Seed and Field Services 

Ltd, Pukekohe) were grown in shallow trays (approximately 300 x 200 x 50 mm) 

containing silt loam soil obtained from a field plot at Lincoln University (the same as 

used in Sections 2.5 and 3.2).  Seeds were planted approximately 20 mm apart on 

the surface of soil and covered with a thin layer of soil (1–2 mm) gently tamped 

down. The mustard biofumigants were grown in a greenhouse for 35 days (from 

December to January) when more than 95% of the mustard plants and 80-90% of 

the “Caliente 199” plants were flowering or on the point of flowering. After this the 

mustard plants were removed from the pots, soil was shaken from the roots, and 

the whole plant cut into 2-4 cm pieces before being pulverized in a blender 

(Sunbeam Corporation Ltd, China) with 100 mL of water for 20-40 seconds. The 

plant material was then incorporated back into the soil from the trays they were 

grown in.  For the non-treatment control 100 mL of water was blended into the 

same volume of soil.   

Spores were isolated using the protocol described in Chapter 2, Section 2.2.1.  The 6 

g of slurry containing the spores was then placed in double seamed heat sealed 

nylon 20 μm micromesh (Schweizer Seidengaze-fabrik AG, Thal, Switzerland) bags 

approximately 20 x 40 mm, that were sealed using a 750w Impulse Sealer (Mercier 

Corporation).  The number of spores/g of sand/potting mix was estimated from 

three samples for each species.  For A. capsicula each bag was estimated to contain 
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between 15-20 spores, A. laevis between 26-30 spores, S. calospora between 12-15 

spores and F. mosseae between 10-15 spores.   

Soil to 100 mm depth was placed in the bottom of each of the 4 L plastic containers 

(150 mm x 150 mm x 220 mm), then soil amended with either mustard or Caliente 

was then placed on top on the soil to a depth of 100 mm (or unaltered soil for the 

non-treatment control ).  For each AMF species, two micromesh bags were buried in 

the soil to the depth of 150 mm and 50 mm in each container (Figure 4.1). Ten 

replicate containers were set up for each treatment.   

  

Figure 4.1: Micromesh bags containing AMF spore inoculum buried at two different layers 

in soil (150 mm and 50 mm below the surface). 

 

Figure 4.2 Containers containing bags of AMF spores buried in soil amended with mustard, 

Caliente or left untreated laid out in randomized design at room temperature in the Lincoln 

University Nursery laboratory. 

The containers were then covered with their lids with three of the four corners 

sealed down and the fourth left unsealed to allow airflow and prevent them from 

becoming anaerobic.  The containers were incubated at room temperature for 2 

weeks in a complete randomized design in the Lincoln University Nursery laboratory 

(Figure 4.2). 
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After two weeks the bags containing the AMF spores were removed from the soil 

and the contents of one bag from each soil depth for each species of AMF were 

placed in a 500 mL plant pot of steam sterilized sand, bark and pumice mixture. This 

was prepared by separately steam sterilising sand, pumice and bark at 100°C for 1 

hour at Plant and Food and then mixing together at a ratio of two parts sand to one 

part pumice and one part bark.  A low phosphate fertiliser regime (Section 2.2.1) 

was added after sterilisation so as not to destroy the fertiliser.  Three Moneymaker 

tomato seeds were placed on top of the AMF inoculum and the pots placed in the 

greenhouse in a complete randomised design.  After all tomato seeds had 

germinated they were thinned to one tomato plant per pot.  The tomatoes were 

grown for 6 weeks after which shoot height, diameter and shoot and root dry weight 

AMF root colonization were assessed using the methods described in Chapter 2.   

The spores in the remaining bags were recovered using the method described in 

Chapter 2, Section 2.2.1 and the number of spores recovered counted.  Spore counts 

were obtained from 9 out of 10 replicates.  Owing to the February 2011 earthquake 

the tenth replicate could not be assessed.  The number of spores which appeared 

healthy and intact was noted.  To assess the relative number of surviving spores for 

each species the highest estimated number of spores from the beginning of the 

experiment in each bag was used to obtain a percentage score.  The viability of 

these spores was assessed using the germination assay (described in Chapter 2, 

Section 2.3) on 3 spores from each replicate, with germination of spores assessed 

after 7, 14, 21 and 28 days incubation at 20°C. 
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4.3.2 Experiment 2.  The effect of biofumigants on spore germination of 

two AMF species 

Due to the lack of inoculum for S. calospora and F. mosseae, the experiment was 

repeated using A. capsicula and A. laevis.  Mustard and Caliente plants were grown 

in trays as described for the first experiment (Section 4.3.1) for 42 days (March to 

May) until 70% of the mustard and 50% of the “Caliente 199” were flowering or on 

the point of flowering. The plants were harvested and incorporated into the soil as 

described for Experiment 1.  

The inoculum for A. laevis was obtained from a fresh pot culture and A. capsicula 

from a dried pot culture (which had been stored at room temperature).  Nylon 

micromesh bags containing spore inoculum of the two AMF species were prepared 

as described for the first experiment.  For A. laevis each bag was estimated to 

contain between 28-30 spores and for A. capsicula 15-20 spores.  The experiment 

was set up and harvested as described for the first experiment.  Since the later part 

of the experiment was conducted in late autumn early winter, growing conditions 

for the tomato plants were not ideal; therefore the plants were placed on a heat 

pad, insulated on thick polystyrene sheets under high pressure sodium lamps (Son-T 

Agro 400, Philips).  

4.3.3 Statistical Analysis 

Spore counts, shoot height, diameter and dry weight and root dry weight data were 

subject to analysis of variance (ANOVA) with treatment means compared using 

Fisher's protected least significant difference tests (LSD) at P<0.05.  The spore count 

data were arcsine transformed prior to analysis to satisfy the assumption of 

homogeneity of variance.   Spore germination was assessed with a generalized linear 

model using binomial error structure with logit link function.  Arbuscular mycorrhizal 

colonisation data were subject to Pearson’s Chi-square test.  Chi-square analysis was 

carried out using Minitab 15 with all other analysis carried out using GenStat 12.2 or 

16. 

4.4 Results 

4.4.1 Experiment 1: Spore Counts 

There was a significant difference in spore recovery between AMF (P < 0.001) and an 

interaction between AMF and biofumigant treatments (P = 0.030), but biofumigant 
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treatments alone (P = 0.190), depth of burial (P = 0.700) and interaction between 

AMF, biofumigant treatments and depth (P = 0.102) were not significant.  

Significantly fewer F. mosseae (4.3%) spores were recovered compared with all 

other AMF species and A. laevis (30.3%) had significantly more spores recovered 

overall than A. capsicula and S. calospora (22.6% and 17.7%, respectively) (Table 

4.1).   

Table 4.1: Mean percentage of spores of four AMF species recovered after 2 weeks burial 
in soil amended with biofumigant mustards and non-treatment control. Data presented 
are after back transformation of means determined from arcsine transformed data. 

 Biofumigant Treatment   

  
Caliente 199 

 
Mustard 

 
Control 

Mean across 
biofumigants1 

A. capsicula 21.3 a 14.2 a 33.9 b 22.6 a 
A. laevis 28.8 ab 29.4 b 32.6 b 30.3 b 
F. mosseae 2.2 c 5.5 c 5.9 c 4.3 c 
S. calospora  19.6 a 19.3 ab 14.2 a 17.7 a 

Mean across AMF1 16.2  16.1 20.1  
1Values within the rows or columns followed by the same letters are not significantly 
different using ANOVA (Arcsine transformed) (Appendix 1).  

Significantly fewer Acaulospora capsicula spores were recovered in the Caliente 199 

and mustard treatments (21.3% and 14.2%, respectively) compared with the non-

treatment control (33.9%).  There was no significant difference in the recovery of F. 

mosseae spores in the mustard or Caliente 199 treatments compared with the 

untreated control.  Similarly, for A. laevis and S. calospora spore recovery was not 

significantly affected by treatment.  

Owing to the February 2011 earthquake this experiment was disrupted and no other 

assessments could be made. 

4.4.2 Experiment 2: Spore Counts 

There were significant differences in the recovery of spores between AMF (P = 

0.002), biofumigant treatments (P < 0.001) and an interaction between AMF species 

and the depth they were buried (P = 0.003), but no significant differences between 

depth buried (P = 0.660) or interaction between AMF and biofumigant treatment (P 

= 0.880), or depth and mustard treatment (P = 0.200) or AMF and biofumigant 

treatment and depth buried (P = 1.000).    
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Table 4.2: Percentage of spores of two AMF species recovered after 2 weeks burial at two 
depths (50 mm and 150 mm) in soil amended with biofumigant mustards and non-
treatment control. Data presented are after back transformation of means determined 
from arcsine transformed data. 

AMF Depth 
(mm) 

Biofumigant Treatment  Mean across 
biofumigants1 Caliente 

199 
 

Mustard 
 

Control 

A. capsicula 50 9.7 28.4 8.0 14.3 a 
150 14.3 32.8 23.6 23.2 b 

A. laevis 50 33.4 52.2 27.6 37.3 c 
150 16.5 30.8 26.7 23.4 b 

Mean across AMF and depth1 17.7 a 35.6 b 19.9 a  
1Values within the rows or columns followed by the same letters are not significantly 
different using ANOVA (Appendix 1).  

A significantly higher percentage of spores were recovered from A. laevis (33.0%) 

than A. capsicula (21.8%).  There were significantly more spores recovered from the 

mustard treatment (35.6%) compared to the Caliente 199 and non-treatment 

control (17.7% and 19.9% respectively).  There was a significant difference between 

the percentage of A. laevis spores recovered at the 50 mm depth (37.3%) and 150 

mm depth (23.4%), whereas for A. capsicula a higher percentage of spores was 

recovered at 150 mm burial depth (23.2%) than at 50 mm (14.3%) (Table 4.2). 

4.4.3 In vitro Spore Germination 

Overall there was a significant difference (P < 0.001) in the total number of spores 

germinating at each assessment.   After 7 days only 3.9% of spores had germinated, 

but this increased at each assessment being 36.94% after 14 days, 61.67% after 21 

days, and 67.5% after 28 days.  There was also a significant interaction between the 

two AMF species and the depth buried after 28 days (P = 0.024).  Germination of A. 

capsicula spores recovered from 150 mm (76.7%) was significantly higher than for 

those recovered from 50 mm (55.6%), whilst the opposite was seen for A. laevis 

where germination was significantly higher for spores recovered from 50 mm 

(74.4%) compared with 150 mm (64.4%).  There were no significant differences in 

spore germination between the biofumigant treatments (P = 0.710), AMF species (P 

=0.555), depth of burial (P = 0.447), or interactions between biofumigant and AMF 

(P = 0.705), biofumigant and depth (P = 0.404), or AMF, biofumigant and depth (P = 

0.633) (Table 4.3 and Figure 4.4).    
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Figure 4.4: Percentage of spores germinating for A. capsicula or A. laevis after burial for 
two weeks, at two depths (50 mm and 150 mm), in soil amended with “Caliente 199” or 

mustard in the top 100 mm or untreated soil.  Results are from the mean germination of 3 
spores per plate from 10 replicates.  

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

7 14 21 28

%
 s

p
o

re
s 

ge
rm

in
at

in
g 

Days 

A. capsicula 50 mm below surface 

0

10

20

30

40

50

60

70

80

90

100

7 14 21 28

%
 s

p
o

re
s 

ge
rm

in
at

in
g 

Days 

A. capsicula 150 mm below surface 

0

10

20

30

40

50

60

70

80

90

100

7 14 21 28

%
 s

p
o

re
s 

ge
rm

in
at

in
g 

Days 

A. laevis 50 mm below surface 

Caliente 199 Mustard

Non treatment

0

10

20

30

40

50

60

70

80

90

100

7 14 21 28

%
 s

p
o

re
s 

ge
rm

in
at

in
g 

Days 

A. laevis 150 mm below surface 



108 
 

Table 4.3: Percentage of spores germinating after 28 days at 20°C of two AMF species 
recovered after 2 weeks burial at two depths (50 mm and 150 mm) in soil amended with 
biofumigant mustards and non-treatment control. 

AMF Depth 
(mm) 

Biofumigant Treatment  Mean across 
biofumigants1 Caliente 

199 
 

Mustard 
 

Control 

A. capsicula 50 50.0 63.3 53.3 55.6 a 
150 66.7 70.0 90.0 76.7 b 

A. laevis 50 73.3 76.7 73.3 74.4 b 
150 66.7 60.0 66.7 64.4 c 

Mean across AMF and depth1 64.2 67.5 70.8  
1Values within the rows or columns followed by the same letters are not significantly 
different.  For spore germination the interaction between AMF and depth of burial (a-c) was 
significant (P = 0.024, mean deviance 9.265). 

4.4.4 Tomato Growth 

There was no significant difference in shoot height of tomatoes between AMF (P = 

0.41), biofumigants (P = 0.43) and depth buried (P = 0.45), or interactions between 

AMF and biofumigants (P = 0.82), AMF and depth buried (P = 0.46), or AMF, 

biofumigants and depth buried (P = 0.26).  Yet there was a significant interaction 

between biofumigants and depth buried (P = 0.024).   

Spores buried at 150 mm in the mustard treatment produced taller tomato plants 

than spores buried at 150 mm in the Caliente 199 and non-treatment control (105.3 

mm, 82.6 mm and 88.0 mm, respectively).  Spores buried at 50 mm (102.6 mm) had 

taller plants than the spores buried at 150 mm (82.6 mm) in the Caliente 199 

amended soil (Table 4.4). 

Table 4.4: Mean stem height (mm) of Moneymaker tomato plants inoculated with spores 
of two AMF species recovered after 2 weeks burial at two depths (50 mm and 150 mm) in 
soil amended with biofumigant mustards and non-treatment control (10 replicates). 

AMF Depth 
(mm) 

Biofumigant Treatment Mean across 
biofumigant Caliente 199 Mustard Control 

A. capsicula 50  100.2   85.6   100.9  95.6 
150 79.3   104.2   80.6  88.0 

A. laevis 50  105.1   97.2   85.7  96.0 
150 85.9   106.5   95.4  95.9 

Mean across AMF 50  102.6 b 91.4 ab 93.3 ab 95.8 
 150 82.6 a 105.3 b 88.0 a 92.0 
1Values within the rows followed by the same letters are not significantly different. For stem 
height an interaction with depth and biofumigant (a-b) was significant (P = 0.024; LSD = 
17.24). 

All other measures of plant growth (shoot diameter, shoot and root dry weight) 

showed no significant differences between AMF, biofumigants, and depth buried, or 

interactions between them (Appendix 2).     
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4.4.5 Tomato Root Colonisation 

There were no significant differences in the number of roots samples colonised 

between AMF (P = 0.13), biofumigants (P = 0.720), or interactions between AMF and 

biofumigants (P = 0.1), AMF and depth (P = 0.780), biofumigants and depth (P = 

0.920), or AMF, biofumigants and depth (P = 0.320).  Though there was a significant 

difference related to the depth buried (P = 0.050), with significantly higher number 

of roots colonised by AMF spores recovered after burial at 50 mm (31.7%) compared 

with at 150 mm (16.7%) (Table 4.5).  

There were significant differences in the number of root samples observed with 

hyphae between the depth of burial of spores (P = 0.030) with hyphae observed in 

significantly higher number of roots inoculated with AMF spores recovered after 

burial at 50 mm (31.7%) compared with at 150 mm (15.0%).  However, there were 

no significant differences in the number of roots samples colonised between AMF (P 

= 0.190), biofumigants (P = 0.530), or interactions between AMF and biofumigants (P 

= 0.150), AMF and depth (P = 0.620), biofumigants and depth (P = 0.950), or AMF, 

biofumigants and depth (P = 0.390) (Appendix 1).  

Table 4.5: Mean percentage of Moneymaker tomato root samples colonised by two AMF 

species spores recovered after 2 weeks burial at two depths (50 mm and 150 mm) in soil 
amended with biofumigant mustards and non-treatment control (10 replicates). 

AMF Depth 
(mm) 

Biofumigant Treatment Mean across 
biofumigant Caliente 

199 
Mustard Control 

A. capsicula 50  40 40 40 40.0  
150 20 30 10 20.0  

A. laevis 50  30 10 30 23.3  
150 10 0 30 13.3  

Mean across AMF 50 35.0 25.0 35.0 31.7 a 
150 15.0 15.0 20.0 16.7 b 

1Values within the column followed by the same letters are not significantly different. For 
root colonisation depth was significant (P = 0.05; mean deviance 1.269). 

There were significant differences in the number of root samples observed with 

entry points and vesicles between the two AMF species (P = 0.001 and P = 0.020, 

respectively).  Yet there were no significant differences in the number of roots 

samples colonised between depth of burial (P = 0.520 and P = 0.100, respectively), 

biofumigants (P = 0.290 and P = 0.280, respectively), or interactions between AMF 

and biofumigants (P = 0.280 and P = 1.000, respectively), AMF and depth (P = 0.150 

and P = 1.000, respectively), biofumigants and depth (P = 0.860 and P = 0.720, 

respectively), or AMF, biofumigants and depth (P = 1.000). 
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No vesicles were observed in any A. laevis inoculated root sample compared to 6.7% 

of root samples for A. capsicula (Appendix 1).  Significantly fewer entry points were 

observed in root samples for A. laevis (1.7%) compared to 18.3% for A. capsicula 

(Appendix 1).  A hyphal coil was only observed in one tomato root sample. 

4.4 Discussion 
In the first experiment recovery of A. capsicula spores was lower in the two 

biofumigant treatments than the non-treatment control, however in the second 

experiment the mustard treatment increased spore recovery across both A. 

capsicula and A. laevis compared to the Caliente 199 and non-treatment control. 

In the first experiment overall a higher percentage of spores were recovered from A. 

laevis, followed by A. capsicula and S. calospora, after two weeks burial in soil 

amended or not with mustard and “Caliente 199” mulch.  Funneliformis mosseae 

had the lowest percentage of spores recovered.  The number of F. mosseae spores 

recovered from the pot cultures for use as inoculum declined between the first 

experiments for this thesis (Experiment 1 and 2 in Chapter 2) and the later 

experiments (Experiment 3 in Chapter 2, Experiment 4 in Chapter 3 and Experiment 

5 in Chapter 4).  The F.mosseae appeared to lose its viability between the first 

pesticide experiments and the later experiments.  Unfortunately, owing to a lack of 

inoculum for F. mosseae and S. calospora, the final experiment could only be carried 

out with the two Acaulospora species.  In the second experiment A. laevis had a 

higher percentage of spores recovered than A. capsicula in all treatments.  This 

might be partly due to a fresh pot culture being used to obtain inoculum of A. laevis 

for this experiment whilst a dried pot culture was used for A. capsicula.  Daft et al. 

(1987) found that AMF species differed in their response to storage and that 

infectivity declined with increasing time in storage for most storage methods.  

Nonetheless, similar results were seen for the first experiment, indicating that the 

spores of this isolate of A. laevis have either higher survival rates or are longer lived 

than the other three AMF isolates used in this study.    An et al. (1998) found that 

the total number of AMF spores recovered from soils in central Kentucky (from eight 

Glomus species and one Gigaspora) varied throughout the year with the recovery of 

most species declining in late summer and autumn, 30-60% of which were found to 

be viable, and S. calospora spores have been found to be more abundant in spring 

than autumn (Oehl et al. 2005). Therefore the variable spore recovery noted in 

these two experiments may have been owing to the season rather than the 
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experimental conditions applied.  Further experiments looking at several different 

isolates of these AMF species would be useful. 

Whether the spores were buried within the biofumigant mulch at 50 mm or at 150 

mm below the amended soil had variable results.  In the first experiment spore 

recovery was unaffected by depth of burial.  In the second experiment fewer A. 

capsicula spores were recovered from the 50 mm depth than those buried at 150 

mm; however more A. laevis spores were recovered at 50 mm than at 150 mm in 

the non-treatment control as well the biofumigant treatments where the mustard 

and Caliente 199 mulch was mixed into the top layer of soil.  The effect of burial of 

AMF spores at different depth on tomato shoot height varied with the biofumigant 

treatments; yet the variability between the treatments and depths was difficult to 

draw conclusions from.  Spore germination, shoot diameter, and shoot and root dry 

weight were unaffected by the depth of burial, but colonisation of tomato roots was 

influenced by where the spores of both AMF species were buried, with the 50 mm 

depth resulting in a higher number of colonised roots than 150 mm.  So although 

germination of retrieved spores showed differences this did not translate to 

differences in colonisation.  In vitro germination may not be a good way to 

determine the ability of spores to germinate and then infect roots.  Oehl et al. 

(2005) found that the number of AMF spores decreased with increasing soil depth, 

but some AMF species sporulated mainly or exclusively in deeper soil layers below 

the layer of mechanical disturbance in agricultural systems, such as S. calospora.  

Other species were found mainly in the top layers, for instance ‘F.’ mosseae was 

found in the upper soil layers in a maize field and a vineyard, but found to lower soil 

depths in a grassland community.  However the deeper soil layers referred to in this 

paper are subsoil layers, whereas this experiment has used top soil so the 

differences in AMF distribution at different soil depths noted by Oehl et al. (2005) 

are not comparable. 

Spore germination was not negatively affected by the two biofumigants used.  This is 

in direct contrast to other in vitro trials.  Cantor et al. (2011) found that direct low 

levels of allyl isothiocyanate (~0.001 mM) extracted from garlic mustard (Alliaria 

petiolata) was inhibitory to spore germination of Glomus clarum.  Aqueous extracts 

of isothiocynates from tall hedge mustard (Sisymbrium loselii) incorporated into an 

agar medium also inhibited the spore germination of Rhizophagus intraradices 
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(Bainard et al., 2009).  In both of these experiments AMF spore germination was 

inhibited when in direct contact with the isothiocyanate substances, but the ability 

of the spores to germinate after exposure to, but not in direct contact with, the 

biofumigants as was the case in this experiment was not examined.  Although spores 

may be inhibited from germination when in contact with the biofumigant volatile, 

once removed the inhibitory effect is also removed. This indicates that the spores 

were not killed by exposure to the biofumigant volatile but germination maybe 

inhibited.  However whether exposure to biofumigant induces a state of dormancy 

or eventually kills the spores is not known. 

The addition of organic matter to the soil may have influenced the viability of AMF 

spores.  Organic matter influences soil structure, pH, nutrient and water holding 

capacity, all of which (alone or in combination) can influence mycorrhizal 

colonisation (Srivastava et al., 1996).  Therefore the change in water holding 

capacity, soil structure, pH induced by the addition of the biofumigant mulches as 

well as the addition of nutrients in the plant materials to the soil may have 

influenced the ability of spores to subsequently germinate after removal from the 

treatments.  Spores buried deeper may have stayed moister than those at the top of 

the pots.  However if this was the case significant differences between the 

biofumigant treatments and the non-treatment control would have been expected, 

however significant differences between either of the biofumigant treatments and 

the non-treatment control was only observed in a higher recovery of spores in the 

mustard treatment in the second experiment.  

The burial of spores at two different depths (within and below the biofumigant 

mulches) had no effect on the subsequent tomato growth parameters of shoot 

diameter, shoot and root dry weights for either species of AMF.  Tomato shoot 

height however did display an interaction between the mustard treatment and 

depth spores were buried.  This result may have had more to do with the AMF 

colonisation having a negative sink effect on the tomato plants rather than 

demonstrating a true difference in growth.  Further experiments with tomatoes 

grown through to harvest and also including fruit yield might clarify this point.  Also 

the purpose of these experiments was not to look at effect of burial per se on AMF 

viability/infectivity, but to investigate the effect of biofumigant incorporation into 

top 100 mm of soil (as is normal practice) on any AMF spore in the soil within this 
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layer or immediately below.  So the depth (max. 150 mm) chosen was not expected 

to have an effect on AMF spores especially as the roots of most plants would be 

growing at soil depths much deeper than 150 mm  

The biofumigant mulches had no effect on the subsequent tomato root colonisation.  

Other studies have shown a similar lack of effect on AMF colonisation (White and 

Weil, 2010; Pellerin, et al., 2006).  White and Weil (2010) found that AMF 

colonisation of maize roots following forage radish (Raphanus sativus var. 

longipinnatus) cover crops was not significantly different to root colonisation in the 

no cover crop control, although these crops were not incorporated into the soil so 

are not directly comparable.  Incorporation of rape (Brassica napus) mulch into soil 

had no effect on colonisation of maize roots by Rhizophagus intraradices (Pellerin et 

al., 2006).  However Ryan et al. (2002) found that AMF colonisation of field-grown 

wheat was generally lower following a brassica crop than crops that are AMF hosts.  

Nevertheless this was not seen in this experiment, as the biofumigant treatments 

had no effect on the subsequent ability to colonise the tomato roots.  The lower 

colonisation noted by Ryan et al. (2002) may be due to AMF not being able to 

complete their lifecycle with a non-host crop or the root exudates of non-host plants 

may induce dormancy in AMF spores.   

Burial in biofumigant mulches and soil may have had a fungistatic effect on the 

spores.  Studies have shown that certain soils can have a fungistatic effect on the 

germination of AMF spores and other fungi (Garbeva et al., 2011; Tommerup, 1985).  

Fungal species with small spores tend to be highly sensitive to fungistasis, yet larger 

spores tend to germinate rapidly on removal from soil and to exhibit low sensitivity 

(Lockwood, 2008).  Dormancy has been observed in AMF spores of 12 weeks for 

Gigaspora calospora (syn. S. calospora), and A. laevis remained dormant for 6 

months (Tommerup, 1983).  Isothiocyanates can also have an fungistatic effect on 

AMF spore germination (Schreiner and Koide, 1993; White and Weil, 2010).  Perhaps 

AMF spores do not germinate in the presence of non-host plants, therefore the 

chemicals released by Brassicaceae biofumigant mulches may induce dormancy in 

AMF spores, whether it is specifically the isothiocynate volatiles that are particularly 

effective as biofumigants or other chemicals released by the mulching process. 

The effect on wheat AMF colonisation did not vary between brassica crops with 

differing levels and types of root glucosinolates.  The authors concluded that the 



114 
 

non-host status of brassicas had more effect on the subsequent colonisation of 

wheat than glucosinolate levels, but this was in a crop rotation situation rather than 

the brassicas being used as biofumigant mulches. 

The difference in results of the two spore burial experiments may be because in the 

second experiment the mustard and “Caliente 199” had not matured as quickly as in 

they did in the first experiment, possibly due to cooler weather conditions and 

shorter day length even though they were grown in a glasshouse.  The mean 

temperature at Lincoln for March and April is between 12.1 and 15.1°C, whereas for 

December and January it is between 15.5 and 16.9°C (www.yr.no/ 

place/New_Zealand/Canterbury/Lincoln/statistics, 2015).  Caliente 199 seems to be 

more reliant on optimum growth conditions for biofumigant effect than mustard. 

When Caliente 199 was grown under high light conditions in spring/ summer it 

suppressed the growth of Ilyonectria macrodidima complex isolates (which cause 

blackfoot disease in grapevines) to a higher degree than mustard (but both 

suppressed colony growth and spore germination compared with untreated 

control), however when the plants were grown in less optimum conditions in 

autumn only mustard inhibited colony growth and spore germination (and to a 

lesser degree than when grown in spring/ summer). This was probably related to the 

flowering of the plants where mustard still seemed to flower reasonably well under 

less optimum conditions, where Caliente 199 did not flower as well and therefore 

presumably produced less isothiocyanates (Barbour, 2014).  In the first experiment 

Caliente 199 and mustard flowering was at approximately (80-90% and 95% 

respectively), but in the second in the lower light conditions of autumn mustard 

flowering reached approximately 70% and Caliente 199 flowering reached 

approximately 50%.  Soil temperature can also influence mycorrhizal development 

(spore germination, hyphal penetration of root cells and proliferation of the fungus 

within the cortical cells of the root).  Seasonality may also play a role in mycorrhizal 

colonisation and spore production (Srivastava et al., 1996).  Therefore the 

insensitivity of spore germination, root colonisation and tomato growth to the 

biofumigants from the second experiment may not be conclusive.  It would be 

therefore valuable to repeat the experiment at a more optimum growth period to 

maximise the biofumigant effect.   

http://www.yr.no/%20place/New_Zealand/Canterbury/Lincoln/statistics
http://www.yr.no/%20place/New_Zealand/Canterbury/Lincoln/statistics


115 
 

4.5 References 

An, Z.Q., Guo, B.Z. and Hendrix, J.W. (1998).  Viability of soilborne spores of 

Glomalean mycorrhizal fungi.  Soil Biology and Biochemistry 30(8/9): 1133-

1136. 

Bainard, L.D., Brown, P.D. & Upadhyaya, M.K. (2009).  Inhibitory effects of tall hedge 

mustard (Sisymbrium loeslii) allelochemicals on rangeland plants and 

arbuscular mycorrhizal fungi.  Weed Science 57(4) 386-393. 

Barbour, J. (2014).  Efficacy of a new mustard cultivar Caliente 199 as a biofumigant 

against Ilyonectria macrodidima-complex. BSApp Sci Honours dissertation. 

Lincoln University, New Zealand. 

Baysal, F. & Miller, S. A. (2009). Effect of commercial biofumigant cover crops on 

growth, yield and disease of processing tomatoes. Proceedings of the 2nd 

International Symposium on Tomato Disease. Acta Horticulturae 808: 117-

120. 

Bones, A. M. & Rossiter, J. T. (1996). The myrosinase-glucosinolate system, its 

organization and biochemistry. Physiologia Plantarum 97(1): 194-208. 

Cantor, A., Hale, A., Aaron, J., Traw, M.B. & Kalisz, S. (2011).  Low allelochemical 

concentrations detected in garlic mustard-invaded forest soils inhibit fungal 

growth and AMF spore germination.  Biological Invasions 13(12): 3015-3025. 

Daft, M.J., Spencer, D. & Thomas, G.E. (1987).  Infectivity of vesicular arbuscular 

mycorrhizal inocula after storage under various environmental conditions.  

Transactions of the British Mycological Society 88(1): 21-27. 

Fayzalla, E.A., El-Barougy, E. & El-Rayes, M.M. (2009).  Control of soil-borne 

pathogenic fungi of soybean by biofumigation with mustard seed meal. 

Journal of Applied Sciences 9(12): 2272-2279. 

Friberg, H., Edel-Hermann, V., Faivre, C., Gautheron, N., Fayolle, L., Faloya, V., 

Montfort, F. &Steinberg, C. (2009). Cause and duration of mustard 

incorporation effects on soil-borne plant pathogenic fungi. . Soil Biology and 

Biochemistry 41: 2075-2084. 

Garbeva, P., Hol, W. H. G., Termorshuizen, A. J., Kowalchuk, G. A. & de Boer, W. 

(2011). Fungistasis and general soil biostasis - A new synthesis. Soil Biology 

and Biochemistry 43: 469-477. 



116 
 

Harrison, M. J. (1999). Molecular and cellular aspects of the arbuscular mycorrhizal 

symbiosis. Annual Review of Plant Physiology and Plant Molecular Biology 

50(1): 361-389. 

Lockwood, J. L. (1977). Fungistasis in Soils. Biological Reviews 52(1): 1-43. 

Mattner, S. W., Porter, I. J., Gounder, R. K., Shanks, A. L., Wren, D. J. & Allen, D. 

(2008). Factors that impact on the ability of biofumigants to suppress fungal 

pathogens and weeds of strawberry. Crop Protection 27(8): 1165-1173. 

Noble, R.R.P., Harvey, S.G. & Sams, C.E. (2002). Toxicity of Indian mustard and allyl 

isothiocyanate to masked chafer beetle larvae.  Online. Plant Health 

Progress doi: 1094/PHP-2002-0610-01-RS. 

Oehl, F., Sieverding, E., Ineichen, K., Ris, E-A., Boller, T. & Wiemken, A. (2005).  

Community structure of arbuscular mycorrhizal fungi at different soil depths 

in extensively and intensively managed agroecosystems.  New Phytologist 

165(1): 273-283. 

Owen, K. J., Clewett, T. G. & Thompson, J. P. (2010). Pre-cropping with canola 

decreased Pratylenchus thornei populations, arbuscular mycorrhizal fungi, 

and yield of wheat. Crop and Pasture Science 61: 399-410. 

Pellerin, S., Mollier, A., Morel, C. & Plenchette, C. (2006). Effect of incorporation of 

Brassica napus L. residues in soils on mycorrhizal fungus colonisation of 

roots and phophorus uptake by maize (Zea mays L.). European Journal of 

Agronomy 26: 113-120. 

Porter, W.M. (1979).  The "most probable number" method for enumerating 

infective propagules of vesicular arbuscular mycorrhizal fungi in soil.  

Australian Journal of Soil Research 17(3): 515-519. 

Rahman, L. & Somers, T. (2005).  Suppression of root knot nematode (Meloidogyne 

javanica) after incorporation of Indian mustard cv. Nemfix as green manure 

and seed meal in vineyards. Australasian Plant Pathology 34: 77-83. 

Rask, L., Andréasson, E., Ekbom, B., Eriksson, S., Pontoppidan, B. & Meijer, J. (2000). 

Myrosinase: gene family evolution and herbivore defence in Brassicaceae.  

In Plant Molecular Biology, 93-113 (Eds J. J. Doyle and B. S. Gaut). Springer 

Netherlands. 

Reddell, P. & Spain, A.V. (1991).  Earthworms as vectors of viable proagules of 

mycorrhizal fungi.  Soil Biology and Biochemistry 28(3): 767-774. 



117 
 

Ryan, M.H.; Norton, R.M.; Kirkegaard, J.A.; McCormick, K.M.; Knights, S.E. & Angus, 

J.F. (2002).  Increasing mycorrhizal colonisation does not improve growth 

and nutrition of wheat on Vertosols in south-eastern Australia.  Australian 

Journal of Agricultural Research 53(10): 1173-1181. 

Schreiner, R. P. & Koide, R. T. (1993). Mustards, mustard oils and mycorrhizas. New 

Phytologist 123(1): 107-113. 

Srivastava, D., Kapoor, R., Srivastava, S. K. & Mukerji, K. G. (1996).Vesicular 

arbuscular mycorrhiza - an overview. In Concepts in Mycorrhizal Research, 1-

39 (Ed K. Mukerji). Netherlands: Kluwer Academic Publishers. 

Tommerup, I. C. (1985). Inhibition of spore germination of vesicular-arbuscular 

mycorrhizal fungi in soil. Transactions of the British Mycological Society 

85(2): 267-278. 

Tommerup, I. C. (1983).  Spore dormancy in vesicular-arbuscular mycorrhizal fungi. 

Transactions of the British Mycological Society 81(1): 37-45. 

White, C. M. & Weil, R. R. (2010). Forage radish and cereal rye cover crops effects on 

mycorrhizal fungus colonization of maize roots. Plant and Soil 328: 507-521. 

www.plantsolutionsltd.com. Vol. 2010. 

www.yr.no/place/New_Zealand/Canterbury/Lincoln/statistics. Vol. 2015. 

 

 

  

http://www.plantsolutionsltd.com/


118 
 

Chapter 5: Discussion 
 

AMF symbiosis evolved ~ 400 million years ago, coinciding with the evolution of the 

first land plants (Sawers et al., 2008; Harrison, 1999; Remy et al., 1994).  However 

agriculture developed only ~10,000 years ago.  This change from a natural to 

cultivated landscape must have impacted on arbuscular mycorrhizal functionality 

(Sawers et al., 2008).  The experiments in the preceding three chapters have 

investigated the effect of some horticultural management practices on four different 

species of arbuscular mycorrhizal fungi using tomato as a model system. 

Three objectives were used to examine the effect of three particular horticultural 

management practices on AMF:   

1. To determine the effect of three pesticides on the establishment of four 

species of arbuscular mycorrhizal fungi. 

2. To determine the growth response of three different cultivars of tomato to 

four species of AMF when grown in soil.   

3. To test the effect of two different mustard bio-fumigants on the spore 

viability of different species of arbuscular mycorrhizal fungi buried at two 

different soil depths. 

Across all the pesticide experiments there was a trend towards a negligible or 

temporary effect of the three pesticides on the AMF species.  There were no 

significant differences in spore retrieval or germination between the three pesticide 

treatments and the non-treatment control.  Differences were observed in the 

germination of the AMF species.  Spore germination for both Acaulospora species 

and F. mosseae was lower than S. calospora after 21 days.  In the first pot 

experiment the pesticides had no influence on tomato growth parameters.  In the 

second pot experiment at the first harvest (10 days post pesticide application) there 

was no influence of pesticides on tomato growth parameters.  By the second harvest 

for the most part the carbendazim and chlorpyrifos treatments had increased plant 

growth compared to the captan treatment and non-treatment control.  Also 

tomatoes inoculated with F. mosseae in the soil experiment consistently flowered 

and fruited earlier than uninoculated plants or plants inoculated with S. calospora 

irrespective of the pesticide treatments applied. 
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The tomato plants treated with the fungicides (carbendazim applied as a foliar spray 

and captan applied as a soil drench) in the potting mix trial had significantly lower 

AMF colonisation percentages than in the insecticide and non-treatment control 

treatments.  Contrastingly clover grown in the same potting mix after the harvest of 

the tomatoes exhibited no significant difference in root colonisation between 

treatments, suggesting that the impact of a single fungicide application is 

temporary.  A similar result was observed in the second pot experiment in 

unsterilized soil.  The insecticide chlorpyrifos however had fewer colonised root 

samples than the fungicides and non-treatment control in the soil experiment. This 

may be due to the presence of diverse microbial populations in the soil rather than 

in potting mix affecting the breakdown of the pesticides in the soil, or influencing or 

enhancing the ability of AMF to colonise roots  (Bansal, 2012; Andrade et al., 1998; 

Tommerup, 1985;).  Studies have shown that AMF populations or colonisation can 

increase once the pesticide is removed or has broken down (Allison et al., 2007; Bary 

et al., 2005).  Pesticides are often broken down in the soil by microorganisms (Bary 

et al., 2005).  Chlorpyrifos is not readily broken down by soil microbes, although it is 

more easily broken down in alkaline media  (Rathore and Nollet, 2012).   

AMF intraradicle hyphae may be protected from the pesticides applied as soil 

drenches, and are able to recolonize the rhizosphere after the pesticide has broken 

down in the soil via root fragments; and vice versa AMF mycelium external to the 

root in the soil may survive a systemic pesticide.  Kjøller and Rosendahl (2000) found 

that external hyphae were more susceptible to fungicides applied as a soil drench 

than internal hyphae, and Assaf et al. (2009) found soil fungicide treatments did not 

completely eliminate AMF propagules.  No measurement was made of the 

extraradical mycelia for AMF in the current study, so the degree to which it 

influenced the survival of AMF cannot be defined.  Extraradical mycelia is important 

as it plays a pivotal role in the uptake of nutrients and contributes to soil stability by 

aggregating soil particles (Harrison, 1999).  As some AMF invest more heavily in 

absorptive hyphae they may be of more benefit to their hosts in nutrient uptake 

than those that have smaller mycelia, but may be more of a carbon sink (Hart and 

Reader, 2002).  Future research could focus on the response of the development of 

extraradicle mycelia of a range of AMF isolates to the horticultural management 

practices used in this study by using the bi-compartmented in vitro method (Voets et 

al., 2009).  The growing container has two compartments, in one of which a host 
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plantlet is grown and the other is accessible to hyphae only.  This allows the 

development of the extraradicle mycelium to be studied.  

As was expected there were differences in the growth parameters of the three 

cultivars (Moneymaker, Sweet 100 and Aunt Ruby’s German Green).  No differences 

in the response of particular cultivars to a particular AMF species were found, 

although there were differences in the mycorrhizal responsiveness of the three 

cultivars.  Most of the responses of the cultivars were negative to most of the AMF 

species and Aunt Ruby’s German Green had negative MGR scores to all four AMF 

species, particularly at the 6 week harvest.   Mycorrhizal fungi can be considered 

parasitic when the net cost outweighs the net benefit to the host plant (Johnson et 

al., 1997).  The growth depression of the three tomato cultivars may be owing to the 

AMF acting as a carbon sink in seedlings and positive responses may have become 

more evident with time and greater contrasts may have been evident between the 

cultivars and AMF species.  There were no significant differences between the AMF 

for most growth parameters after 6 weeks and only a significantly lower shoot dry 

weight for plants inoculated with S. calospora and F. mosseae after 9 weeks.  Future 

work focusing on the variation in biomass after a longer or more optimal growth 

season, even up to fruit harvest may of interest as Linderman and Davis (2004) 

found that cultivars of marigold varied in their partitioning of biomass into roots or 

shoots with different AMF partners, with some partitioning more into shoots than 

others with similar root biomass.   

There was a significant difference in the number of colonised root samples between 

the cultivars after 9 weeks.  The cultivar Sweet 100 had more colonised root samples 

than either Moneymaker or Aunt Ruby’s German Green, but this was unaffected by 

the species of AMF used in the inoculum suggesting that this cultivar is more 

susceptible to colonisation.  The two heritage varieties Aunt Ruby’s German Green 

and Moneymaker were not colonised more frequently nor did they display more 

responsive growth rates than the modern hybrid cultivar Sweet 100.  This agrees 

with the findings of Steinkeller et al. (2012) who found no correlation between the 

historic “age” of tomato cultivars and growth responsiveness.  However further 

work looking at more cultivars would be ideal.  Also this study selected cultivars that 

differed in the type of fruit they produced (eg. cherry, red and green).  Repetition of 
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this experiment using perhaps a selection of modern and heritage cherry tomato 

cultivars would be advantageous.   

The two biofumigants (mustard and Caliente 199) did not negatively affect the 

recovery of spores compared to the non-treatment control or the germination of 

spores after 28 days.  Mustard in fact increased the percentage of spores recovered.  

Once removed from the effect of the biofumigant there was no influence on the 

subsequent ability of spores to colonise the roots of tomatoes and tomato growth 

parameters were largely unaffected compared to the non-treatment control.  This is 

similar to results from Pellerin et al. (2006) who found that incorporation of rape 

(Brassica napus) mulch into soil had no effect on colonisation of maize roots by 

Glomus intraradices.  Using a more definitive method of assessing colonisation 

rather than the proportion of root samples colonised may have exposed differences 

between the biofumigant treatments and the non-treatment control.  The lack of 

influence on the other experimental factors observed, spore germination, spore 

counts, and tomato growth did not indicate that this would be likely however.  

Future work could include further experiments on biofumigants, perhaps using 

Brassica cultivars with different glucosinolate levels or the effect of pure 

glucosinolate chemicals on AMF species.      

Many studies focus solely on single AMF species instead of a range of different 

species or natural communities.  This research has demonstrated variability in the 

reactions of the different AMF species to the different experimental conditions 

applied to them.  These experiments used only single isolates of the four AMF 

species.  AMF species or taxa identified by spore morphology or ribosomal DNA can 

be highly variable in several functional traits (van der Heijden and Scheublin, 2007).  

The choice of AMF isolate within the species can be just as important as the choice 

of species (Munkvold et al., 2004).  Different isolates of a species from a single AMF 

population can differ in their capacity to colonise a particular host plant (Vogt, 

2009).  Using one isolate to represent an AMF species ignores the mycorrhizal 

variation in plant growth that could be due to the very large genetic variation within 

an AMF species (Sanders, 2004).  Therefore conclusions drawn from an experiment 

on a single isolate of an AMF species cannot necessarily be extrapolated to other 

isolates of the same species.  The use of several different isolates for each species 

may have given a better overview of the effect of each species on tomato growth.  
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These experiments were carried out using AMF isolates from single populations; 

therefore future research could use a wider range of isolates for each species or 

alternatively could look at a diverse AMF community, perhaps from a variety of 

different habitats (eg. annual or perennial cropping, or natural ecosystems).     

This study found that the mycorrhizal growth response (MGR) scores were variable 

for the pesticide and cultivar experiments, with both positive and negative scores.  

The MGR scores for the cultivar experiment, which was carried out later in the 

season, were more likely to be negative overall, compared to the pesticide pot 

experiments which were carried out in late summer early autumn.  The MGR scores 

for the cultivar experiment showed considerable differences between the three 

cultivars, and were most likely due to the tomatoes being grown under lights at a 

suboptimal season.  In the pesticide experiments the potting mix experiment had 

variable MGR scores, whereas in the unsterilized soil experiment the MGR scores 

were positive.  Age of the host plant and the season the plants are grown seems to 

have a considerable effect on whether the AMF acts as a parasite within the host 

plant.  Conducting these pot experiments at different seasons and over longer 

periods of time with several harvest times would further clarify the cost/benefit 

relationship between the AMF species and the host plant, particularly if extraradicle 

mycelial development was also taken into account using the methodology described 

earlier.   

The implications of this research for horticultural management practices are that the 

use of pesticide and biofumigant treatments and different cultivars can have 

variable effects on AMF; however what these experiments have demonstrated is the 

natural resilience of mycorrhizal associations.  All of these experiments were carried 

out in pots.  Future research could be expanded to field experiments or plants could 

be grown over a longer time frame with growth and AMF colonisation assessed at 

different stages, for example harvest and senescence.  This would further elucidate 

the apparent resilience of AMF that this study has found.  Different combinations of 

cultivars, pesticides, and timing of pesticide applications would be useful.  Repeated 

applications of pesticides, perhaps using calendar spraying may have a more 

detrimental effect on AMF. 

The impact of the environment on arbuscular mycorrhizal development is very 

important.  Due to the Canterbury earthquakes the experiments in Chapter 3 and 
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Chapter 4 were irretrievably disrupted and had to be repeated in mid to late autumn 

of 2011, instead of summer 2010-11.  Cooler temperatures and less sunshine hours 

meant that tomatoes did not grow optimally.  If the host plant’s growth is not 

optimal the growth of the fungal partner may be compromised, which in turn will 

compromise the growth of the host plant.  All three stages of mycorrhizal 

development (root colonisation, external hyphae development and sporulation) are 

sensitive to air and soil temperature and seasonality (Srivastava et al., 1996), 

therefore the results from these experiments may not be as reliable as they might 

have been had they been able to be repeated at a more optimal season.  Carrying 

out simultaneous experiments in potting mix or sterilised soil would eliminate 

environmental differences. 

Presence or absence of colonisation in a 5-10 cm root sample was the root 

colonisation methodology used in the current study.  Other methodologies include 

the gridline intersect method and presence/ absence of fungal structures in 1 cm 

pieces of root.  A number of studies have shown that there is not necessarily a link 

between the amount of root colonised and either the extraradicle fungal 

development or benefit to the host plant (Linderman and Davis, 2004; Chávez and 

Ferrera-Cerrato, 1990; Graham et al., 1982).  The yield of strawberry cultivars was 

not related to root colonisation with three species of Glomus (Chávez and Ferrera-

Cerrato, 1990).  The ability of AMF to colonise the root cortex may be independent 

of their capacity to develop an external mycelium.  It cannot be assumed that high 

levels of colonisation will necessarily mean the fungus has developed the mycelium 

in the soil necessary to transport nutrients responsible for plant growth 

enhancement (Graham et al., 1982).  Extraradical mycelia can be studied using the 

bi-compartmented in vitro culture system (Voets et al., 2009).  This study was largely 

qualitative rather than quantitative, focusing on the possible detrimental effects of 

horticultural management practices on AMF, particularly for the pesticide and 

biofumigant experiments.  Therefore the presence/absence methodology used to 

determine mycorrhizal colonisation was I believe the most appropriate measure to 

use for these experiments.  For the cultivar experiment a better methodology may 

have been to cut each root sample into 1 cm pieces to give a more accurate picture 

of the differences between the cultivar responses to AMF or to use the gridline 

intersect method described by Brundett et al. (1996).      
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Using spore counts to assess the effect of experimental variables on AMF species 

ignores the possibilities that an AMF species could be present at very low levels but 

still produce many spores, or produce few spores and yet be functionally abundant 

(Sanders, 2004).  Some species of AMF may be more likely to rely on hyphal 

fragments, intraradicle and extraradicle vesicles, and colonised host plant root 

fragments, as much as spores for colonisation and spread (Biermann and Linderman, 

2006).  External mycelium has been shown to be very important in the functionality 

of AMF symbiosis, in the acquisition of mineral nutrients from the soil, their 

subsequent translocation to the plant, colonisation of the roots, and production of 

spores  (Harrison, 1999).  In fact for some species of AMF spores have never been 

found (van der Heijden and Scheublin, 2007).  The current study did not measure 

any extraradical AMF structures other than spores.  Further work could look at the 

development and survival of extraradical mycelia in relation to these experimental 

factors using the method described above, or use colonised root fragments as the 

inoculum and compare to spore based inoculum. 

This study has demonstrated the resilience of arbuscular mycorrhizal fungi and 

mycorrhizal associations to horticultural management practices.  Neither the 

pesticides or biofumigant treatments had any permanent effect on the AMF species, 

nor did the three cultivars show affiliation for a particular AMF species.  AMF species 

and isolates have a high degree of genetic and functional variability (Sanders, 2004).  

The functional variation between AMF species and isolates may limit their practical 

application in a commercial agricultural situation. 
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Appendix 1  
 

6.1: Experiment 1 – The effect of three pesticides on spore 
germination of the four AMF species in vitro 
 

Table 6.1.1: The total percentage of spores germinating for each of the four AMF species 
after 7 days, for three pesticide treatments and non-treatment control (16 spores per 
replicate). 

 
Table 6.1.2: The total percentage of spores germinating for each of the four AMF species 
after 14 days, for three pesticide treatments and non-treatment control (16 spores per 
replicate). 

 

 
Table 6.1.3: The total percentage of spores germinating for each of the four AMF species 
after 21 days, for three pesticide treatments and non-treatment control (16 spores per 
replicate). 

 

 

6.2: Experiment 2 – The effect of three pesticides on four AMF 
species on Moneymaker tomatoes grown in potting mix 

6.2.1 Tomato Growth 
Table 6.2.1: Mean shoot height (mm) of pesticide treated tomatoes inoculated with four 
AMF species or no added mycorrhiza control (NAM). 

AMF 
species 

Pesticide Treatment Mean across 
pesticides Carbendazim Captan Chlorpyrifos Control 

A. capsicula 18.75 0.00 18.75 25.00 15.625 
A. laevis 0.00 12.50 12.50 12.50 9.375 

S. calospora 6.25 12.50 6.25 6.25 7.813 
F. mosseae 12.50 6.25 6.25 31.25 14.063 

Mean 
across AMF 

9.375 7.813 10.938 18.750  

AMF 
species 

Pesticide Treatment Mean across 
pesticides Carbendazim Captan Chlorpyrifos Control 

A. capsicula 31.25 12.50 18.75 31.25 23.438 
A. laevis 18.75 31.25 12.50 18.75 20.313 
S. calospora 56.25 56.25 56.25 62.50 57.813 
F. mosseae 50.00 31.25 37.50 56.25 43.750 

Mean 
across AMF 

39.063 32.813 31.250 42.188  

AMF 
species 

Pesticide Treatment Mean across 
pesticides Carbendazim Captan Chlorpyrifos Control 

A. capsicula 37.50 31.25 37.50 75.00 45.313 
A. laevis 37.50 43.75 25.00 50.00 39.063 
S. calospora 93.75 75.00 68.75 62.50 75.000 
F. mosseae 56.25 37.50 43075 56.25 48.438 

Mean 
across AMF 

56.250 46.875 43.750 60.938  
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1 L.S.D for AMF = 49.63, pesticides = 44.39, and interaction between AMF and pesticides = 
99.27. 
 
Table 6.2.2: Mean shoot diameter (mm) of pesticide treated tomatoes inoculated with four 
AMF species or no added mycorrhiza control (NAM). 

 
AMF 
species 

Pesticide Treatment Mean across 
pesticides1 Carbendazim Captan Chlorpyrifos Control 

A. capsicula 5.447 5.379 5.393 4.762 5.245 
A. laevis 5.169 5.217 5.225 5.178 5.197 
S. calospora 5.804 5.618 5.171 5.386 5.495 
F. mosseae 5.101 5.358 5.092 5.318 5.217 
NAM 5.528 5.210 5.488 5.095 5.330 

Mean 
across AMF1 

5.410 5.356 5.274 5.148  

1 L.S.D for AMF = 0.3025, pesticides = 0.2705, and interaction between AMF and pesticides = 
0.6049. 
 
Table 6.2.3: Mean shoot dry weight (g) of pesticide treated tomatoes inoculated with four 
AMF species or no added mycorrhiza control (NAM). 

 
AMF 
species 

Pesticide Treatment Mean across 
pesticides1 Carbendazim Captan Chlorpyrifos Control 

A. capsicula 3.79 3.86 3.42 3.52 3.65 
A. laevis 3.17 3.58 3.77 3.39 3.48 
S. calospora 3.92 4.16 4.20 4.15 4.11 
F. mosseae 3.28 4.16 3.00 3.90 3.58 
NAM 3.18 3.44 3.72 3.77 3.53 

Mean 
across AMF1 

3.47 3.84 3.62 3.75  

1 L.S.D for AMF = 0.655, pesticides = 0.586, and interaction between AMF and pesticides = 
1.310. 
 
  

AMF 
species 

Pesticide Treatment Mean across 
pesticides1 Carbendazim Captan Chlorpyrifos Control 

A. capsicula 618.0 647.8 645.7 576.1 621.9 
A. laevis 604.7 637.2 672.4 599.3 628.4 
S. calospora 631.9 651.5 608.9 589.5 620.5 
F. mosseae 587.8 634.7 606.4 685.7 628.6 
NAM 604.7 675.9 665.1 600.9 636.6 

Mean 
across AMF1 

649.4 609.4 639.7 610.3  
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Table 6.2.4: Mean root dry weight (g) of pesticide treated tomatoes inoculated with four 
AMF species or no added mycorrhiza control (NAM). 

 
AMF 
species 

Pesticide Treatment Mean across 
pesticides

1
 Carbendazim Captan Chlorpyrifos Control 

A. capsicula 0.522 0.495 0.434 0.433 0.471 
A. laevis 0.409 0.442 0.449 0.426 0.432 
S. calospora 0.441 0.500 0.532 0.521 0.499 
F. mosseae 0.435 0.441 0.414 0.460 0.438 
NAM 0.387 0.436 0.470 0.465 0.440 

Mean 
across AMF1 

0.439 0.463 0.460 0.461  

1 L.S.D for AMF = 0.0761, pesticides = 0.0680, and interaction between AMF and 
pesticides = 0.1521. 

6.2.2 Tomato Root Colonisation 
 

Table 6.2.5: Percentage of tomato root samples with AMF entry points, 18 days post 

pesticide application.  Mean of 10 replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticides Captan Carbendazim Chlorpyrifos Control 

A. capsicula 20 0 10 0  
A. laevis 20 0 20 10 7.5 
S. calospora 20 20 20 40 12.5 
F. mosseae 10 10 10 10 25.0 
NAM 0 0 10 20 10.0 

Mean across AMF 14.0 6.0 14.0 16.0 7.5 

 

Table 6.2.6: Percentage of tomato root samples with AMF coils, 18 days post pesticide 

application.  Mean of 10 replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticides Captan Carbendazim Chlorpyrifos Control 

A. capsicula 0 0 10 0 2.5 
A. laevis 20 0 0 0 5.0 
S. calospora 0 0 10 20 7.5 
F. mosseae 0 0 0 10 2.5 
NAM 0 0 0 0 0.0 

Mean across AMF 4.0 0.0 4.0 6.0  

 

6.2.3 Clover Root Colonisation 
 

Table 6.2.7: Percentage of colonised clover root samples, grown in potting mix following 

harvest of tomatoes 18 days post pesticide application.  Mean of 10 replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticides Captan Carbendazim Chlorpyrifos Control 

A. capsicula 100 100 60 100 90.0 
A. laevis 100 90 90 90 92.5 
S. calospora 80 80 70 90 80.0 
F. mosseae 90 90 90 80 87.5 
NAM 100 90 80 90 90.0 

Mean across AMF 94 90 78 90  
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Table 6.2.8: Percentage of colonised clover root samples with AMF hyphae, grown in 

potting mix following harvest of tomatoes 18 days post pesticide application.  Mean of 10 
replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticides Captan Carbendazim Chlorpyrifos Control 

A. capsicula 70 100 60 100 82.5 
A. laevis 100 90 90 90 92.5 
S. calospora 80 80 70 90 80.0 
F. mosseae 90 90 90 80 87.5 
NAM 100 90 80 90 90.0 

Mean across AMF 88 90 78 90  

 
Table 6.2.9: Percentage of colonised clover root samples with AMF entry points, grown in 

potting mix following harvest of tomatoes 18 days post pesticide application.  Mean of 10 
replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticides Captan Carbendazim Chlorpyrifos Control 

A. capsicula 70 90 50 100 77.5 
A. laevis 90 90 80 90 87.5 
S. calospora 80 80 60 80 75.0 
F. mosseae 90 90 90 70 85.0 
NAM 90 90 70 80 82.5 

Mean across AMF 84 88 70 84  

 
Table 6.2.10: Percentage of colonised clover root samples with AMF vesicles, grown in 

potting mix following harvest of tomatoes 18 days post pesticide application.  Mean of 10 
replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticides Captan Carbendazim Chlorpyrifos Control 

A. capsicula 30 50 40 60 45.0 
A. laevis 90 80 70 50 72.5 
S. calospora 40 70 30 70 52.5 
F. mosseae 60 50 50 70 57.5 
NAM 80 80 50 80 72.5 

Mean across AMF 60 66 48 66  

 

6.3: Experiment 3 – The effect of three pesticides on two AMF 
species on “Moneymaker” tomatoes grown in soil 

6.3.1 Tomato Root Colonisation 
 

Table 6.3.1: Percentage of tomato root samples observed with AMF vesicles 10 days post 

pesticide application.  Mean of 10 replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticide Captan Carbendazim Chlorpyrifos Control 

F. mosseae 20 40 40 40 35.0 
S. calospora 40 30 60 40 42.5 
NAM 60 50 40 40 47.5 

Mean across 
AMF species 

40.0 40.0 46.7 40.0  
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Table 6.3.2: Percentage of tomato root samples observed with AMF entry points 10 days 

post pesticide application.  Mean of 10 replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticide Captan Carbendazim Chlorpyrifos Control 

F. mosseae 20 40 40 40 35 
S. calospora 50 10 20 20 25 
NAM 60 40 30 70 50 

Mean across 
AMF species 

43.3 30.0 30.0 43.3  

   
Table 6.3.3: Percentage of tomato root samples observed with AMF hyphal coils 28 days 

post pesticide application.  Mean of 10 replicates. 

 
AMF species Pesticide Treatment Mean across 

pesticide Captan Carbendazim Chlorpyrifos Control 

F. mosseae 20 40 0 10 17.5 
S. calospora 20 40 20 30 27.5 
NAM 30 20 20 30 25 

Mean across 
AMF species 

23.3 33.3 13.3 23.3  

  

6.4: Experiment 4 – The effect of four AMF species on the 
growth of three tomato cultivars 

6.4.1 Tomato Growth 
 
Table 6.4.1:  Mean shoot diameter (mm) of three tomato cultivars inoculated with four 
AMF species or no added mycorrhiza control (NAM) at 6 weeks. Mean of 5 replicates. 
 

AMF species Tomato cultivar Mean across 
Cultivars Moneymaker Sweet 100 Aunt Ruby’s 

German Green 

A. capsicula 2.38 2.40 2.63 2.47 
A. laevis 3.01 2.35 2.92 2.81 
S. calospora 3.17 2.44 2.68 2.76 
F. mosseae 3.22 3.17 3.38 3.25 
NAM 3.12 2.35 3.61 3.03 

Mean across 
AMF 

2.98 2.54 3.04  
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Table 6.4.2:  Mean shoot dry weight (g) of three tomato cultivars inoculated with four AMF 
species or no added mycorrhiza control (NAM) at 6 weeks. Mean of 5 replicates. 
 

AMF species Tomato cultivar Mean across 
Cultivars Moneymaker Sweet 100 Aunt Ruby’s 

German Green 

A. capsicula 0.198 0.142 0.218 0.186 
A. laevis 0.340 0.170 0.150 0.207 
S. calospora 0.302 0.156 0.198 0.219 
F. mosseae 0.364 0.216 0.252 0.277 
NAM 0.324 0.156 0.304 0.261 

Mean across 
AMF 

0.306 0.168 0.224  

 
Table 6.4.3:  Mean root dry weight (g) of three tomato cultivars inoculated with four AMF 
species or no added mycorrhiza control (NAM) at 6 weeks. Mean of 5 replicates. 
 

AMF species Tomato cultivar Mean across 
Cultivars Moneymaker Sweet 100 Aunt Ruby’s 

German Green 

A. capsicula 0.023 0.014 0.028 0.022 
A. laevis 0.040 0.026 0.026 0.029 
S. calospora 0.036 0.039 0.031 0.035 
F. mosseae 0.037 0.034 0.030 0.034 
NAM 0.031 0.033 0.052 0.039 

Mean across 
AMF 

0.033 0.029 0.033  

 
Table 6.4.4: Mean root dry weight (g) of three tomato cultivars inoculated with four AMF 
species or no added mycorrhiza control (NAM) at 9 weeks.  Mean of 10 replicates. 
 

AMF species Tomato cultivar Mean across 
cultivars1 Moneymaker Sweet 100 Aunt Ruby’s 

German Green 

A. capsicula 0.233 0.225 0.206 0.221 
A. laevis 0.272 0.227 0.208 0.236 
S. calospora 0.188 0.169 0.207 0.188 
F. mosseae 0.213 0.262 0.124 0.200 
NAM 0.223 0.279 0.219 0.240 

Mean across 
AMF1 

0.226 0.232 0.193 
 

 

 
Table 6.4.5: Percentage of flowering of three tomato cultivars inoculated with four AMF 
species or no added mycorrhiza control (NAM) at 9 weeks.  Mean of 10 replicates. 
 

AMF species Tomato cultivar Mean across 
cultivars1 Moneymaker Sweet 100 Aunt Ruby’s 

German Green 

A. capsicula 60 70 80 70.0 
A. laevis 90 40 60 63.3 
S. calospora 60 30 40 43.3 
F. mosseae 70 70 40 60.0 
NAM 80 70 60 70.0 

Mean across 
AMF1 

72 56 56  
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6.5: Experiment 5 – The effect of mustard bio-fumigants on four 
species of arbuscular mycorrhizal fungi 

6.5.1 Spore Counts 
Table 6.5.1: Mean percentage of spores of four AMF species recovered after 2 weeks burial 
in soil amended with biofumigant mustards and non-treatment control (Arcsine 
transformed). 
 

AMF Depth 
of 

Burial 
(mm) 

Biofumigant Treatment  Mean across 
biofumigants1  

Caliente 199 
 

Mustard 
 

Control 

A. capsicula 50 0.396 0.445 0.655 0.499 
 150 0.565 0.329 0.586 0.493 
A. laevis 50 0.549 0.505 0.547 0.534 
 150 0.586 0.641 0.669 0.632 
F. mosseae 50 0.209 0.201 0.211 0.207 
 150 0.087 0.273 0.278 0.213 
S. calospora  50 0.446 0.489 0.451 0.462 
 150 0.473 0.421 0.322 0.405 

Mean across AMF and 
depth1 

0.414 0.413 0.465  

1For spore counts across AMF means were significant (P < 0.001; LSD = 0.0741) and AMF 
interaction with biofumigants were significant (P = 0.028; LSD = 0.1283). 

6.6: Experiment 6 – The effect of mustard bio-fumigants on two 
species of arbuscular mycorrhizal fungi 

6.6.1 Spore Counts 
Table 6.6.1: Percentage of spores of two AMF species recovered after 2 weeks burial in soil 
amended with biofumigant mustards and non-treatment control (Arcsine transformed). 

 
AMF Depth 

of 
Burial 
(mm) 

Biofumigant Treatment  Mean across 
biofumigants1 Caliente 199  

Mustard 
 

Control 

A. capsicula 50 0.316 0.562 0.286 0.388 
150 0.388 0.610 0.507 0.502 

A. laevis 50 0.616 0.807 0.547 0.657 
150 0.418 0.588 0.508 0.505 

Mean across AMF and 
depth1 

0.434 0.642 0.462  

1For spore counts AMF means were significant (P = 0.002; LSD = 0.0856), biofumigant means 

were significant (P < 0.001; LSD = 0.1048) and AMF interaction with burial depth was 
significant (P = 0.003; LSD = 0.1210). 
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6.6.2 Tomato Growth 
 
Table 6.6.2: Mean stem diameter (mm) of Moneymaker tomato plants inoculated with 
spores of two AMF species recovered after 2 weeks burial in soil amended with 
biofumigant mustards and non-treatment control (10 replicates). 

 
AMF Depth 

(mm) 
Biofumigant Treatment Mean across 

biofumigant Caliente 199 Mustard Control 

A.capsicula 50  3.12 3.23 3.15 3.17 
150 3.07 3.39 3.06 3.17 

A.laevis 50  3.28 3.33 3.00 3.20 
150 3.04 3.35 3.26 3.22 

Mean across AMF and depth1 3.13 3.32 3.12  

 
Table 6.6.3: Mean shoot dry weight (g) of Moneymaker tomato plants inoculated with 
spores of two AMF species recovered after 2 weeks burial in soil amended with 
biofumigant mustards and non-treatment control (10 replicates). 

 
AMF Depth 

(mm) 
Biofumigant Treatment Mean across 

biofumigant Caliente 199 Mustard Control 

A.capsicula 50  0.819 0.652 0.752 0.741 
150 0.629 0.680 0.577 0.629 

A.laevis 50  0.806 0.792 0.686 0.761 
150 0.643 0.869 0.724 0.745 

Mean across AMF and depth1 0.724 0.748 0.685  

 
Table 6.6.4: Mean root dry weight (g) of Moneymaker tomato plants inoculated with 
spores of two AMF species recovered after 2 weeks burial in soil amended with 
biofumigant mustards and non-treatment control (10 replicates). 

 
AMF Depth 

(mm) 
Biofumigant Treatment Mean across 

biofumigant Caliente 199 Mustard Control 

A.capsicula 50  0.180 0.150 0.167 0.166 
150 0.149 0.166 0.131 0.149 

A.laevis 50  0.193 0.177 0.147 0.172 
150 0.147 0.201 0.171 0.173 

Mean across AMF and depth1 0.167 0.174 0.154  

 

6.6.3 Tomato Colonisation 
 

Table 6.6.5: Mean percentage of Moneymaker tomato root samples observed with hyphae 

present for two AMF species spores recovered after 2 weeks burial at two depths (50 mm 
and 150 mm) in soil amended with biofumigant mustards and non-treatment control (10 
replicates). 

AMF Depth 
(mm) 

Biofumigant Treatment Mean across 
biofumigant Caliente 

199 
Mustard Control 

A. capsicula 50  40 40 40 40  
150 20 20 10 16.67 

A. laevis 50  30 10 30 23.33  
150 10 0 30 13.33  

Mean across AMF and depth1 25 17.5 27.5  

For root colonisation depth was significant (P = 0.03; mean deviance 1.257). 
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Table 6.6.6: Mean percentage of Moneymaker tomato root samples observed with vesicles 

present for two AMF species spores recovered after 2 weeks burial at two depths (50 mm 
and 150 mm) in soil amended with biofumigant mustards and non-treatment control (10 
replicates). 

  Biofumigant Treatment  

AMF Depth 
(mm) 

Caliente 
199 

Mustard Control Mean across 
biofumigant 

A. capsicula 50  10 0 0 3.33  
150 20 10 0 10.00  

A. laevis 50  0 0 0 0.00  
150 0 0 0 0.00  

Mean across AMF and depth1 7.5 2.5 0  

For the number of root samples with vesicles AMF was significant (P = 0.001; mean deviance 
1.097). 

Table 6.6.7: Mean percentage of Moneymaker tomato root samples observed with entry 

points present for two AMF species spores recovered after 2 weeks burial at two depths 
(50 mm and 150 mm) in soil amended with biofumigant mustards and non-treatment 
control (10 replicates). 

AMF Depth 
(mm) 

Biofumigant Treatment Mean across 
biofumigant Caliente 

199 
Mustard Control 

A. capsicula 50  10 40 20 23.33  
150 10 20 10 13.33  

A. laevis 50  0 0 0 0  
150 0 0 10 3.33 

Mean across AMF and depth1 5 15 10  

For the number of root samples with entry points AMF was significant (P = 0.001; mean 
deviance 1.685).  



136 
 

Appendix 2: Statistics tables 

7.1: Experiment 1 – The effect of three pesticides on spore 

germination of the four AMF species in vitro 
21 days — Chi-Square Test 
Expected counts are printed below observed counts 
Chi-Square contributions are printed below expected counts 
 
        ACcar   AC Cap  ACchl  ACcon   ALcar   AL Cap 
    1            6         5             6            12       6           7 
              8.31        8.31        8.31          8.31    8.31      8.31 
             0.643      1.320     0.643        1.636 0.643    0.207 
    2           10       11          10            4        10          9 
              7.69        7.69       7.69         7.69     7.69      7.69 
             0.696      1.427     0.696        1.769  0.696   0.224 
Total           16     16          16           16       16         16 
 
              
        ALChl   ALcon   SCCar   SCcap   SCChl   SCcon   FM Car 
    1         4        8        15          12            11       10        9 
           8.31     8.31      8.31       8.31         8.31    8.31     8.31 
          2.237    0.012     5.380    1.636        0.869  0.343    0.057 
    2        12        8         1          4               5         6         7 
           7.69     7.69      7.69      7.69          7.69    7.69     7.69 
          2.419    0.013     5.818    1.769        0.940  0.370    0.061 
Total        16       16        16          16            16        16       16 
 

FMCap  FMChl   FMcon  Total 
    1          6           7         9     133 
            8.31        8.31      8.31 
           0.643      0.207    0.057 
    2         10          9         7     123 
            7.69        7.69      7.69 
           0.696       0.224   0.061 
Total         16       16       16     256 
 
Chi-Sq = 34.412, DF = 15, P-Value = 0.003 
 
14 days — Chi-Square Test  
Expected counts are printed below observed counts 
Chi-Square contributions are printed below expected counts 
 
                ACcar  ACCap  ACchl   ACcon   ALcar   ALCap 
    1            5         2          3        5         3           5 
              5.81        5.81       5.81      5.81      5.81       5.81 
             0.114      2.501     1.361    0.114    1.361     0.114 
    2           11        14            13        11        13          11 
             10.19      10.19      10.19   10.19    10.19     10.19 
             0.065      1.427       0.776  0.065    0.776    0.065 
Total           16     16            16        16        16         16 
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  ALChl  ALcon   SCCar   SCcap   SCChl   SCcon   FM Car 
    1         2         3         9          9          9        10         8 
           5.81     5.81      5.81       5.81       5.81   5.81      5.81 
          2.501    1.361     1.748    1.748     1.748   3.017   0.823 
    2        14       13         7            7          7         6         8 
          10.19    10.19     10.19     10.19    10.19  10.19    10.19 
          1.427    0.776     0.997    0.997 0.997 1.721    0.470 
Total        16       16        16          16          16        16        16 
                                   
        FMCap FMChl  FMcon  Total 
    1          5           6         9      93 
            5.81        5.81     5.81 
           0.114      0.006   1.748 
    2         11          10         7     163 
           10.19       10.19    10.19 
           0.065       0.003    0.997 
Total         16       16        16     256 
 
Chi-Sq = 32.002, DF = 15, P-Value = 0.006 
 
7 days — Chi-Square Test  
Expected counts are printed below observed counts 
Chi-Square contributions are printed below expected counts 
 
   ACcar ACCap  ACchl   ACcon  ALcar  ALCap 
    1            3         0            3         4         0           2 
              1.88        1.88       1.88    1.88     1.88       1.88 
             0.675      1.875 0.675  2.408    1.875    0.008 
    2           13        16          13        12        16         14 
             14.13      14.13    14.13 14.13    14.13    14.13 
             0.090       0.249   0.090     0.320    0.249     0.001 
Total           16     16          16        16        16          16 
 
              
         
 

ALChl Alcon SCCar SCcap   SCChl   SCcon FMCar 
    1         2         2         1           2          1         1         2 
           1.88      1.88      1.88       1.88       1.88      1.88      1.88 
          0.008     0.008    0.408      0.008   0.408   0.408 0.008 
    2        14        14        15         14         15        15        14 
          14.13     14.13    14.13    14.13      14.13    14.13    14.13 
          0.001     0.001    0.054    0.001      0.054     0.054    0.001 
Total        16       16        16         16         16        16        16 
 

FMCap FMChl FMcon Total 
    1          1           1         5      30 
            1.88        1.88      1.88 
           0.408       0.408   5.208 
    2         15          15        11     226 
           14.13       14.13    14.13 
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           0.054       0.054    0.691 
Total         16       16        16     256 
 
Chi-Sq = 16.765, DF = 15, P-Value = 0.333 
16 cells with expected counts less than 5. 

7.2: Experiment 2 – The effect of three pesticides on four AMF 

species on Moneymaker tomatoes grown in potting mix 

7.2.1 Spore Counts — ANOVA 

Variate: Spore_count 
Source of variation d.f. s.s. m.s. v.r. F pr. 
reps stratum  9  193.22  21.47  1.21   
reps.*Units* stratum 
Txt   19  425.42  22.39  1.27  0.212 
Residual  171  3024.78  17.69     
 Total   199  3643.42       
Message: the following units have large residuals. 
  
reps 1 *units* 15    17.17  s.e.   3.89 
reps 3 *units* 12    11.47  s.e.   3.89 
reps 6 *units* 17    24.47  s.e.   3.89 
  
Tables of means 
Variate: Spore_count 
Grand mean  5.27  
 
 Con/AC Con/AL Con/SC  Con/FM Con/NAM Car/AC  Car/AL 
 5.40   7.20  4.70  7.70   4.60   6.40  2.40 
   
 Car/SC  Car/FM  Car/NAM Cap/AC Cap/AL  Cap/SC  Cap/FM 
 4.10   4.50  4.00   5.90 4.50  6.20  4.90 
   
 Cap/NAM  Chl/AC  Chl/AL  Chl/SC  Chl/FM  Chl/NAM   
 3.20   4.80  4.80  8.00  4.70  7.40   
  
 Standard errors of differences of means 
Table Txt   
rep.  10   
d.f.  171   
s.e.d.  1.881   
 Least significant differences of means (5% level) 
Table Txt   
rep.  10   
d.f.  171   
l.s.d.  3.713   
 

7.2.2 Tomato Growth — ANOVA 

Variate: Height 
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Source of variation  d.f. s.s.  m.s.  v.r. F 
pr. 
AMF    4  6660.   1665.   0.13  
0.971 
FUNGICIDE   3  62586.   20862.   1.65  
0.180 
AMF.FUNGICIDE  12  128039.  10670.   0.84  
0.606 
Residual   180  2277725.  12654.     
Total    199  2475009.       
  
Information summary 
All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 40    -392.1 s.e.   106.7 
  
Tables of means 
Variate: Height 
Grand mean  627.2  
 AMF  AC  AL  FM  NAM  SC 
   621.9  628.4  628.6  636.6  620.5 
  
 FUNGICIDE  Cap  Car  Chl Control 
    609.4  649.4  639.7 610.3 
  
 AMF FUNGICIDE  Cap  Car Chl Control 
 AC    618.0  647.8 645.7 576.1 
 AL    604.7  637.2 672.4 599.3 
 FM    587.8  634.7 606.4 685.7 
 NAM    604.7  675.9 665.1 600.9 
 SC    631.9  651.5 608.9 589.5 
  
Standard errors of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
e.s.e.  17.79   15.91   35.57   
  
Standard errors of differences of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
s.e.d.  25.15   22.50   50.31   
  
Least significant differences of means (5% level) 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
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d.f.  180   180   180   
l.s.d.  49.63   44.39   99.27   
  
ROOT DRY Weight 
Variate: Root_dry_weight 
  
Source of variation d.f. s.s.  m.s.  v.r. F pr. 
AMF   4  0.12981  0.03245  1.09  0.362 
FUNGICIDE  3  0.01904  0.00635  0.21  0.887 
AMF.FUNGICIDE 12  0.15402  0.01283  0.43  0.949 
Residual  180  5.34986  0.02972     
Total   199  5.65273       
  
Information summary 
All terms orthogonal, none aliased. 
  
Tables of means 
Variate: Root_dry_weight 
Grand mean  0.456  
 AMF  AC  AL  FM  NAM  SC 
   0.471  0.431  0.438  0.440  0.498 
  
 FUNGICIDE  Cap  Car  Chl Control 
    0.463  0.439 0.460 0.461 
  
 AMF FUNGICIDE  Cap  Car Chl Control 
 AC    0.495  0.522 0.434 0.433 
 AL    0.442  0.409 0.449 0.426 
 FM    0.441  0.435 0.414 0.460 
 NAM    0.436  0.387 0.470 0.465 
 SC    0.500  0.441 0.532 0.521 
  
Standard errors of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
e.s.e.  0.0273  0.0244  0.0545   
  
Standard errors of differences of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
s.e.d.  0.0385   0.0345   0.0771   
  
Least significant differences of means (5% level) 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
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l.s.d.  0.0761   0.0680   0.1521   
  
Shoot dry weight 
Variate: Shoot_dry_weight 
Source of variation d.f. s.s.  m.s. v.r. F pr. 
AMF   4  10.356   2.589 1.18 0.323 
FUNGICIDE  3  3.897   1.299 0.59 0.622 
AMF.FUNGICIDE 12  10.880   0.907 0.41 0.958 
Residual  180  396.428  2.202     
Total   199  421.560       
  
Information summary 
  
All terms orthogonal, none aliased. 
  
Tables of means 
Variate: Shoot_dry_weight 
Grand mean  3.67  
 AMF  AC  AL  FM  NAM  SC 
   3.65  3.48  3.58  3.53  4.11 
  
 FUNGICIDE  Cap Car  Chl Control 
    3.47 3.84  3.62 3.75 
  
 AMF FUNGICIDE  Cap  Car  Chl Control 
 AC    3.79  3.86  3.42 3.52 
 AL    3.17  3.58  3.77 3.39 
 FM    3.28  4.16  3.00 3.90 
 NAM    3.18  3.44  3.72 3.77 
 SC    3.92  4.16  4.20 4.15 
  
Standard errors of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
e.s.e.  0.235   0.210   0.469   
  
Standard errors of differences of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
s.e.d.  0.332   0.297   0.664   
  
Least significant differences of means (5% level) 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180  180   
l.s.d.  0.655   0.586   1.310   
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Stem diameter  
Variate: Stem_diameter 
  
Source of variation d.f. s.s.  m.s. v.r. F pr. 
AMF   4  2.3680   0.5920  1.26  0.288 
FUNGICIDE  3  1.9526   0.6509  1.39  0.249 
AMF.FUNGICIDE 12  5.4145   0.4512  0.96  0.489 
Residual  180  84.5817 0.4699     
Total   199  94.3166       
  
Information summary 
All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 2    2.121  s.e.   0.650 
*units* 40    -2.122 s.e.   0.650 
*units* 136    -1.831 s.e.   0.650 
  
Tables of means 
Variate: Stem_diameter 
Grand mean  5.297  
  AMF  AC  AL  FM  NAM  SC 
   5.245  5.197  5.217  5.330  5.495 
  
 FUNGICIDE  Cap  Car Chl Control 
    5.410  5.356 5.274 5.148 
  
 AMF FUNGICIDE  Cap Car  Chl Control 
 AC    5.447  5.379  5.393 4.762 
 AL    5.169  5.217  5.225 5.178 
 FM    5.101  5.358  5.092 5.318 
 NAM    5.528  5.210  5.488 5.095 
 SC    5.804  5.618  5.171 5.386 
  
Standard errors of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
e.s.e.  0.1084   0.0969   0.2168   
  
Standard errors of differences of means 
Table AMF FUNGICIDE AMF   
    FUNGICIDE   
rep.  40   50   10   
d.f.  180   180   180   
s.e.d.  0.1533   0.1371  0.3066   
  
Least significant differences of means (5% level) 
Table AMF  FUNGICIDE AMF   
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     FUNGICIDE   
rep.  40   50   10   
d.f.  180  180   180   
l.s.d.  0.3025   0.2705   0.604 

7.2.3 Tomato Root Colonisation — Pearson’s Chi Square 

Response variate:  tom_colonisation  
Regression analysis 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  19  46.00  2.421  2.42 <.001 
Residual  0  0.00  *     
Total  19  46.00  2.421     
Change  -12  -17.01  1.417  1.42  0.149 
  
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                    d.f. deviance deviance ratio chi pr 
+ AMF                      4  3.027  0.757  0.76  0.553 
+ Pesticide              3  25.967  8.656  8.66 <.001 
Residual                  12  17.006  1.417     
+ AMF.Pesticide    12  17.006  1.417  1.42  0.149 
Total                        19  46.000  2.421     
 
Response variate:  tom_hyph  
Regression analysis 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  19  47.91  2.521  2.52 <.001 
Residual  0  0.00  *     
Total  19  47.91  2.521     
Change  -12  -21.29  1.774  1.77  0.046 
  
Dispersion parameter is fixed at 1.00. 
 Accumulated analysis of deviance 
  mean deviance  approx 
Change                     d.f. deviance deviance ratio chi pr 
+ AMF                       4  2.131  0.533  0.53  0.712 
+ Pesticide               3  24.488  8.163  8.16 <.001 
Residual                   12  21.286  1.774     
+ AMF.Pesticide      12  21.286  1.774  1.77  0.046 
Total                          19  47.906  2.521     
Message: ratios are based on dispersion parameter with value 1. 
 
Response variate:  tom_vesicles 
Regression analysis 
Summary of analysis 
   mean deviance  approx 
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Source d.f. deviance deviance ratio chi pr 
Regression  19  53.30  2.805  2.81 <.001 
Residual  0  0.00  *     
Total  19  53.30  2.805     
Change  -12  -16.76  1.397  1.40  0.159 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                       d.f. deviance deviance ratio chi pr 
+ AMF                         4  3.253  0.813  0.81  0.516 
+ Pesticide                 3  33.287  11.096  11.10 <.001 
Residual                     12  16.764  1.397     
+ AMF.Pesticide        12  16.764  1.397  1.40  0.159 
Total                           19  53.303  2.805     
Message: ratios are based on dispersion parameter with value 1. 
 
Response variate:  to_entry points 
Regression analysis 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  19  21.68  1.141  1.14  0.300 
Residual  0  0.00  *     
Total  19  21.68  1.141     
Change  -12  -11.56  0.964  0.96  0.481 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
 mean deviance  approx 
Change                   d.f.     deviance deviance ratio chi pr 
+ AMF                     4          6.9515  1.7379  1.74  0.138 
+ Pesticide             3           3.1638  1.0546  1.05  0.367 
Residual                 12       11.5646  0.9637     
+ AMF.Pesticide   12       11.5646  0.9637  0.96  0.481 
Total                       19       21.6799  1.1410     
Message: ratios are based on dispersion parameter with value 1. 
 
Response variate:  to_coils 
Regression analysis 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  19  21.16  1.114  1.11  0.328 
Residual  0  0.00  *     
Total  19  21.16  1.114     
Change  -12  -11.92  0.993  0.99  0.452 
  
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
 Accumulated analysis of deviance 
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  mean deviance  approx 
Change                      d.f. deviance deviance ratio chi pr 
+ AMF                        4  4.7883  1.1971  1.20  0.310 
+ Pesticide                3  4.4557  1.4852  1.49  0.216 
Residual                    12  11.9208  0.9934     
+ AMF.Pesticide       12  11.9208  0.9934  0.99  0.452 
Total        19             21.1647   1.1139 

7.2.4 Clover Root Colonisation — Pearson’s Chi Square 

Response variate:  cl_colonisation 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  19  22.55   1.187   1.19   0.258 
Residual  0  0.00   *     
Total   19  22.55   1.187     
 Change   -12  -12.78   1.065   1.07   0.385 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio   pr 
+ AMF   4  3.272   0.818   0.82   0.513 
+ Pesticide  3  6.492   2.164   2.16   0.090 
Residual  12  12.782   1.065     
+ AMF.Pesticide  12  12.782   1.065   1.07   0.385 
Total   19  22.545   1.187     
 
Response variate:  cl_entry points 
Regression analysis 
Summary of analysis 
      mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  19  19.03   1.001   1.00   0.455 
Residual  0  0.00   *     
Total   19  19.03   1.001     
Change   -12  -10.23   0.852   0.85   0.596 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   4  2.8601   0.7150   0.72   0.582 
+ Pesticide  3  5.9363   1.9788   1.98   0.115 
Residual  12  10.2298  0.8525     
+ AMF.Pesticide  12  10.2298  0.8525   0.85  0.596 
 Total   19  19.0262  1.0014     
  
Response variate:  cl_hyphae 
Regression analysis 
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Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  19  21.87   1.151   1.15   0.291 
Residual  0  0.00   *     
Total   19  21.87   1.151     
 Change   -12  -14.15   1.179   1.18   0.291 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   4  3.724   0.931   0.93   0.445 
+ Pesticide  3  3.995   1.332   1.33   0.262 
Residual  12  14.153   1.179     
+ AMF.Pesticide  12  14.153   1.179   1.18   0.291 
Total   19  21.871   1.151     
 Message: ratios are based on dispersion parameter with value 1. 
 
Response variate:  cl_vesicles 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  19  26.21   1.380   1.38   0.124 
Residual  0  0.00  *     
Total   19  26.21   1.380     
Change   -12  -11.36   0.947   0.95   0.498 
  
Dispersion parameter is fixed at 1.00. 
 Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   4  10.1465  2.5366   2.54   0.038 
+ Pesticide  3  4.7050   1.5683   1.57   0.195 
Residual  12  11.3600  0.9467     
+ AMF.Pesticide  12  11.3600  0.9467   0.95   0.498 
 Total   19  26.2114  1.3795     
 Message: ratios are based on dispersion parameter with value 1. 
 
Response variate:  cl_vesicles 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  19  26.21   1.380   1.38   0.124 
Residual  0  0.00   *     
Total   19  26.21   1.380     
 Change   -12  -11.36   0.947  0.95   0.498 
  
Dispersion parameter is fixed at 1.00. 
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Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   4  10.1465  2.5366   2.54   0.038 
+ Pesticide  3  4.7050   1.5683   1.57   0.195 
Residual  12  11.3600  0.9467     
+ AMF.Pesticide  12  11.3600  0.9467   0.95   0.498 
 Total   19  26.2114  1.3795 
 
Response variate:  cl_coils 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  19  19.13   1.007   1.01   0.448 
Residual  0  0.00   *     
Total   19  19.13   1.007     
Change   -12  -15.92   1.327   1.33   0.195 
  
Dispersion parameter is fixed at 1.00. 
 Accumulated analysis of deviance 
      mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   4  2.618   0.655   0.65   0.624 
+ Pesticide  3  0.592   0.197   0.20   0.898 
Residual  12  15.920   1.327     
+ AMF.Pesticide  12  15.920   1.327   1.33   0.195 
 Total   19  19.131   1.007 

7.3 Experiment 3 – The effect of three pesticides on two AMF 

species on “Moneymaker” tomatoes grown in soil 

7.3.1 Tomato Growth — ANOVA 

GenStat Release 12.2  
Stem Height Harvest A  
Analysis of variance 
Variate: Stem_height_A 
  
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF   2  90212.  45106.  27.42 <.001 
Pesticide  3  885.  295.  0.18  0.910 
AMF.Pesticide  6  15650.  2608.  1.59  0.158 
Residual  108  177633.  1645.     
Total   119  284380.       
   
Information summary 
 All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 22    101.7  s.e.   38.5 
*units* 112    104.4  s.e.   38.5 
*units* 116    -108.6 s.e.   38.5 
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Tables of means 
 Variate: Stem_ht_A 
Grand mean  226.7  

AMF  FM  NAM  SC 
   251.1  188.4  240.6 
  
 Pesticide  Cap  Car  Chl  Control 
    228.0  230.6  224.4  223.9 
  
 AMF Pesticide  Cap  Car  Chl  Control 
 FM    250.0  255.0  242.6  257.0 
 NAM    176.8  208.0  177.3  191.6 
 SC    257.1  228.7  253.3  223.2 
   
Standard errors of means 
Table AMF Pesticide AMF   
   Pesticide   
rep.  40  30  10   
d.f.  108  108  108   
e.s.e.  6.41  7.40  12.82   
  
Standard errors of differences of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108  108   108   
s.e.d.  9.07   10.47   18.14   
  
Least significant differences of means (5% level) 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  17.98   20.76   35.95   
  
 Stem Height Harvest B 
Analysis of variance 
 Variate: Stem_Height_B 
  
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF   2  34950.  17475.  9.98 <.001 
Pesticide  3  15918.  5306.  3.03  0.032 
AMF.Pesticide  6  7234.  1206.  0.69  0.659 
Residual  108  189018.  1750.     
Total   119  247120.       
  
Information summary 
All terms orthogonal, none aliased. 
 Message: the following units have large residuals. 
 *units* 113    -148.5 s.e.   39.7 
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Tables of means 
Variate: Stem_Ht_B 
 Grand mean  282.5  
  AMF  FM  NAM  SC 
   304.0  262.3  281.3 
 
 Pesticide  Cap  Car  Chl  Control 
    291.6  272.8  296.2  269.6 
  
 AMF Pesticide  Cap  Car  Chl  Control 
 FM    310.2  292.3  314.0  299.6 
 NAM    271.0  240.4  285.2  252.5 
 SC    293.5  285.8  289.4  256.6 
  
Standard errors of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  6.61   7.64   13.23   
  
 Standard errors of differences of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
s.e.d.  9.35   10.80   18.71   
   
Least significant differences of means (5% level) 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  18.54   21.41   37.08   
  
Stem Dry Weight Harvest A 
Analysis of variance 
 Variate: Stem_Dry Weight_A 
  
Source of variation d.f. s.s.  m.s.  v.r. F pr. 
AMF   2  36.9557  18.4779  91.72 <.001 
Pesticide  3  0.9374   0.3125   1.55  0.206 
AMF.Pesticide  6  1.2995   0.2166   1.08  0.382 
Residual  108  21.7565  0.2014     
Total   119  60.9491       
  
 Information summary 
 All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
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*units* 20    -1.436 s.e.   0.426 
*units* 32    -1.162 s.e.   0.426 
*units* 35    1.288  s.e.   0.426 
  
Tables of means 
  
Variate: Stem_Dry Weight_A 
Grand mean  1.833  
 AMF  FM  NAM  SC 
   2.313  1.055  2.130 
 
 Pesticide  Cap  Car  Chl  Control 
    1.762  1.974  1.755  1.840 
  
 AMF Pesticide  Cap  Car  Chl  Control 
 FM    2.030  2.436  2.321  2.465 
 NAM    1.039  1.281  0.897  1.003 
 SC    2.216  2.206  2.046  2.052 
  
Standard errors of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  0.0710   0.0819   0.1419   
  
 Standard errors of differences of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
s.e.d.  0.1004   0.1159   0.2007   
  
 Least significant differences of means (5% level) 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  0.1989   0.2297   0.3979   
  
Stem Dry Weight Harvest B  
Analysis of variance 
Variate: STEM_Dry Weight_B 
  
 
Source of variation d.f. s.s.  m.s.  v.r. F pr. 
AMF   2  25.8181  12.9091  42.07 <.001 
Pesticide  3  9.2054   3.0685   10.00 <.001 
AMF.Pesticide  6  5.6942   0.9490   3.09  0.008 
Residual  108  33.1360  0.3068     
Total   119  73.8537       
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 Information summary 
 All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 5    -1.647 s.e.   0.525 
*units* 30    -1.511 s.e.   0.525 
*units* 113    -1.502 s.e.   0.525 
  
Tables of means 
Variate: STEM_Dry Weight_B 
  
Grand mean  2.364  
 AMF  FM  NAM  SC 
   2.886  1.759  2.446 
 
 Pesticide  Cap  Car  Chl  Control 
    2.025  2.708  2.553  2.170 
 
 AMF Pesticide Cap  Car  Chl  Control 
 FM   2.745  3.052  2.939  2.810 
 NAM    1.541  1.866  1.918  1.712 
 SC    1.789  3.207  2.801  1.987 
 
Standard errors of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  0.0876   0.1011   0.1752   
  
Standard errors of differences of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108  108   
s.e.d.  0.1239   0.1430  0.2477   
  
Least significant differences of means (5% level) 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  0.2455   0.2835   0.4910   
  
Stem Diameter Harvest A 
Analysis of variance 
 Variate: Stem_Diameter_A 
  
Source of variation d.f. s.s.  m.s.  v.r. F pr. 
AMF   2  26.3426 13.1713 45.56 <.001 
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Pesticide  3  1.7476   0.5825   2.02  0.116 
AMF.Pesticide  6  0.9656  0.1609   0.56  0.764 
Residual  108  31.2213 0.2891     
Total   119  60.2770       
  
Information summary 
All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 103    1.619  s.e.   0.510 
*units* 111    1.522  s.e.   0.510 
*units* 116    -1.508 s.e.   0.510 
  
 Tables of means 
 Variate: Stem_Diameter_A 
  
Grand mean  4.661  
 AMF  FM  NAM  SC 
   5.006  3.998  4.979 
  
 Pesticide Cap  Car  Chl  Control 
   4.516  4.849  4.620  4.658 
  
 AMF Pesticide  Cap  Car  Chl  Control 
 FM    4.753  5.097  5.075  5.098 
 NAM    3.796  4.259  3.951  3.988 
 SC    4.998  5.192  4.835  4.889 
  
Standard errors of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  0.0850   0.0982   0.1700   
  
Standard errors of differences of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108  108   108   
s.e.d.  0.1202   0.1388   0.2405   
 
Least significant differences of means (5% level) 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  0.2383   0.2752   0.4766   
  
Stem Diameter Harvest B 
Analysis of variance 
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Variate: Stem_Diameter_B 
  
Source of variation d.f. s.s.  m.s. v.r. F pr. 
AMF   2  10.4245  5.2122  16.40 <.001 
Pesticide  3  5.2493   1.7498  5.51  0.001 
AMF.Pesticide  6  5.1040   0.8507  2.68  0.018 
Residual  108  34.3176 0.3178     
Total   119  55.0953       
  
 Information summary 
 All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 113    -1.931 s.e.   0.535 
   
Tables of means 
 Variate: Stem_Diameter_B 
Grand mean  4.919  
 AMF  FM  NAM  SC 
   5.231  4.524  5.002 
  
 Pesticide  Cap  Car  Chl  Control 
    4.652  5.043  5.188  4.792 
 
 AMF Pesticide Cap  Car  Chl  Control 
 FM    5.179  5.220  5.388  5.138 
 NAM    4.400  4.513  4.611  4.571 
 SC    4.378  5.397  5.565  4.668 
   
Standard errors of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  0.0891   0.1029  0.1783   
  
Standard errors of differences of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
s.e.d.  0.1260   0.1455  0.2521   
  
Least significant differences of means (5% level) 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  0.2498   0.2885   0.4997   
  
Root Dry weight Harvest A 
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Analysis of variance 
Variate: Root_Dry Weight_A 
  
Source of variation d.f. s.s.  m.s.  v.r. F pr. 
AMF   2  0.70932  0.35466  29.74 <.001 
Pesticide  3  0.03414  0.01138  0.95  0.417 
AMF.Pesticide  6  0.10554  0.01759  1.47  0.194 
Residual  108  1.28805  0.01193     
Total   119  2.13706       
  
 Information summary 
 All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 20    -0.2790  s.e.   0.1036 
   
Tables of means 
 Variate: Root_Dry Weight_A 
Grand mean  0.4061  
 AMF  FM  NAM  SC 
   0.4900  0.3043  0.4240 
  

Pesticide Cap  Car  Chl  Control 
    0.3810  0.4210  0.4003  0.4220 
  
 AMF Pesticide Cap  Car  Chl  Control 
 FM   0.4640  0.5570  0.4670  0.4720 
 NAM    0.3000  0.3190  0.2850  0.3130 
 SC    0.3790  0.3870  0.4490  0.4810 
   
Standard errors of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  0.01727 0.01994 0.03453   
  
Standard errors of differences of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
s.e.d.  0.02442 0.02820 0.04884   
  
Least significant differences of means (5% level) 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
l.s.d.  0.04840 0.05589 0.09681   
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Root Dry weight Harvest B 
Analysis of variance 
Variate: Root_Dry Weight_B 
Source of variation d.f. s.s.  m.s.  v.r. F pr. 
AMF   2  0.42817  0.21408  15.54 <.001 
Pesticide  3  0.17425  0.05808  4.22  0.007 
AMF.Pesticide  6  0.15025  0.02504  1.82  0.102 
Residual  108  1.48740  0.01377     
Total   119  2.24007       
  
 Information summary 
 All terms orthogonal, none aliased. 
Message: the following units have large residuals. 
  
*units* 22    0.399  s.e.   0.111 
*units* 113    -0.301 s.e.   0.111 
  
Tables of means 
Variate: Root_Dry Weight_B 
Grand mean  0.443  
 AMF  FM  NAM  SC 
   0.505  0.362  0.463 
 
 Pesticide  Cap  Car  Chl  Control 
    0.391  0.474  0.485  0.423 
 
 AMF Pesticide  Cap  Car  Chl  Control 
 FM    0.479  0.486  0.532  0.523 
 NAM   0.329  0.369  0.431  0.321 
 SC    0.365  0.568  0.491  0.426 
 
 Standard errors of means 
 Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
e.s.e.  0.0186   0.0214   0.0371   
  
Standard errors of differences of means 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
s.e.d.  0.0262   0.0303   0.0525   
  
Least significant differences of means (5% level) 
Table AMF  Pesticide AMF   
     Pesticide   
rep.  40   30   10   
d.f.  108   108   108   
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l.s.d.  0.0520   0.0601   0.1040 
 

7.3.2 Tomato flowering and fruiting — log linear GLM 

Regression analysis 

    

 

Response 
variate: 

n 

    

 

Distribution: Poisson 

    

 

Link function: Log 

    

 

Fitted terms: 
Constant + stage + Treatment + AMF + stage.Treatment + 
stage.AMF 

Summary of analysis 

    

   

mean deviance approx 

 Source d.f. deviance deviance ratio F pr. 

 Regression 17 125.98 7.41 5.42 <.001 

 Residual 18 24.61 1.367 

 

  

 Total 35 150.59 4.303 

 

  

   

      Dispersion parameter is estimated to be 1.37 from the residual deviance. 

 Accumulated analysis of deviance 

   

   

mean deviance approx 

 Change d.f. deviance deviance ratio F pr. 

 stage 2 96.091 48.046 35.14 <.001 

 Treatment 3 0 0 0 * 

 AMF 2 0 0 0 * 

 stage.Treatment 6 4.056 0.676 0.49 0.804 

 stage.AMF 4 25.83 6.457 4.72 0.009 

 Residual 18 24.614 1.367 

 

  

 Total 35 150.591 4.303 

 

  

   

      

 

AMF none S.calospora G.mosseae 

  stage Flowering 1 9 15 

  

 

Fruiting 0 2 4 

  

 

non 39 29 21 

   

7.3.3 Tomato colonisation — Pearson’s Chi Square 

Response variate:  Colonisation Harvest A 
Regression analysis 
  Binomial totals:  10 
  Distribution:  Binomial 
  Link function:  Logit 
   Fitted terms:  Constant + AMF + Pesticide + AMF.Pesticide 
Summary of analysis 
      mean  deviance approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  27.69   2.517   2.52  0.004 
Residual  0  0.00   *     
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Total   11  27.69   2.517     
Change   -6  -15.19  2.532   2.53   0.019 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  6.836   3.418   3.42   0.033 
+ Pesticide  3  5.660   1.887   1.89   0.129 
Residual  6  15.193   2.532     
+ AMF.Pesticide  6  15.193   2.532   2.53   0.019 
Total   11  27.689   2.517     
  
Response variate:  Colonisation Harvest B 
Regression analysis 
Summary of analysis 
     mean  deviance approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  23.63   2.148   2.15  0.014 
Residual  0  0.00   *     
Total   11  23.63   2.148     
 Change   -6  -4.27   0.712   0.71  0.640 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  9.0076   4.5038   4.50   0.011 
+ Pesticide  3  10.3458  3.4486   3.45   0.016 
Residual  6  4.2736   0.7123     
+ AMF.Pesticide  6  4.2736   0.7123   0.71   0.640 
Total   11  23.6270  2.1479     
 
Response variate:  Entry Points Harvest A 
Regression analysis 
Summary of analysis 
     mean  deviance approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  17.54   1.595   1.59   0.093 
Residual  0  0.00   *     
Total   11  17.54   1.595     
Change   -6  -9.48   1.580   1.58   0.148 
  
Dispersion parameter is fixed at 1.00. 
 Message: deviance ratios are based on dispersion parameter with value 1. 
 Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  5.884   2.942   2.94   0.053 
+ Pesticide  3  2.179   0.726  0.73   0.536 
Residual  6  9.480   1.580     
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+ AMF.Pesticide  6  9.480   1.580   1.58   0.148 
 Total   11  17.543   1.595     
  
Message: ratios are based on dispersion parameter with value 1. 
 
Response variate:  Entry_Points Harvest B  
Regression analysis 
Summary of analysis 
     mean  deviance approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  17.76   1.614   1.61   0.087 
Residual  0  0.00   *     
Total   11  17.76   1.614     
Change  -6  -2.75   0.458   0.46  0.840 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  9.6396   4.8198   4.82   0.008 
+ Pesticide  3  5.3671   1.7890   1.79   0.147 
Residual  6  2.7500   0.4583     
+ AMF.Pesticide  6  2.7500   0.4583   0.46   0.840 
 Total   11  17.7567  1.6142     
 
Response variate:  Hyphae Harvest A 
Regression analysis 
Summary of analysis 
      mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  28.49   2.590   2.59   0.003 
Residual  0  0.00   *     
Total   11  28.49   2.590     
 Change   -6  -17.60   2.934   2.93   0.007 
  
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
Accumulated analysis of deviance  
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  6.688   3.344   3.34   0.035 
+ Pesticide  3  4.199   1.400   1.40   0.241 
Residual  6  17.601   2.934     
+ AMF.Pesticide  6  17.601   2.934   2.93   0.007 
Total   11  28.488   2.590     
  
Response variate:  Hyphae Harvest B 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
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Regression  11  23.63   2.148   2.15   0.014 
Residual  0  0.00   *     
Total   11  23.63   2.148     
Change   -6  -4.27   0.712   0.71   0.640 
  
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
Accumulated analysis of deviance  
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  9.0076   4.5038   4.50   0.011 
+ Pesticide  3  10.3458  3.4486   3.45   0.016 
Residual  6  4.2736   0.7123     
+ AMF.Pesticide  6  4.2736   0.7123   0.71   0.640 
Total   11  23.6270  2.1479     
 
Response variate:  Vesicles Harvest A 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  7.278   0.6616   0.66   0.776 
Residual  0  0.000   *     
Total   11  7.278   0.6616     
 Change   -6  -5.307   0.8845   0.88   0.505 
  
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  1.3107   0.6553   0.66   0.519 
+ Pesticide  3  0.6601   0.2200   0.22   0.883 
Residual  6  5.3072   0.8845     
+ AMF.Pesticide  6  5.3072   0.8845   0.88   0.505 
 Total   11  7.2779   0.6616     
  
Response variate:  Vesicles Harvest B 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  34.91   3.174   3.17  <.001 
Residual  0  0.00   *     
Total   11  34.91   3.174     
 Change   -6  -5.88   0.980   0.98   0.437 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
      mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
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+ AMF   2  13.5607  6.7803   6.78   0.001 
+ Pesticide  3  15.4710  5.1570   5.16   0.001 
Residual  6  5.8809   0.9802     
+ AMF.Pesticide  6  5.8809   0.9802   0.98  0.437 
 Total   11  34.9126  3.1739     
  
Response variate:  Hyphal Coils Harvest B 
Regression analysis 
Summary of analysis 
     mean  deviance  approx 
Source  d.f. deviance deviance ratio  chi pr 
Regression  11  10.27   0.9337   0.93   0.506 
Residual  0  0.00   *     
Total   11  10.27  0.9337     
Change   -6  -5.55   0.9246   0.92   0.476 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
     mean  deviance  approx 
Change  d.f. deviance deviance ratio  chi pr 
+ AMF   2  1.2470   0.6235   0.62   0.536 
+ Pesticide  3  3.4765   1.1588   1.16   0.324 
Residual  6  5.5477   0.9246     
+ AMF.Pesticide  6  5.5477   0.9246   0.92   0.476 
Total   11  10.2712  0.9337    
 

7.4 Experiment 4: The effect of cultivar selection on the 

establishment of four arbuscular mycorrhizal fungi 
 
7.4.1 Tomato Growth — ANOVA 
Genstat 12.2 

ROOT DRY WEIGHT 
Analysis of variance 
Source d.f. s.s. m.s. v.r. F pr. 
AMF ignoring CULTIVAR  4  0.05164  0.01291  1.18  0.321 
AMF eliminating CULTIVAR  4  0.05188  0.01297  1.19  0.319 
CULTIVAR ignoring AMF  2  0.05397  0.02699  2.47  0.088 
CULTIVAR eliminating AMF  2  0.05421  0.02711  2.48  0.087 
AMF.CULTIVAR  8  0.11530  0.01441  1.32  0.239 
Residual  131  1.42967  0.01091      
Total  145  1.65083  0.01139      
 
Information summary 
Design unbalanced, analysed by GenStat regression 
Predictions from regression model 
Response variate: ROOT_DRY_WT 
  Prediction 
 AMF   
 AC 0.2295 
 AL 0.2357 
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 FM 0.2214 
 NAM 0.2401 
 SC 0.1881 
 Approximate effective standard errors 
 AMF   
 AC 0.01941 
 AL 0.01907 
 FM 0.02011 
 NAM 0.01907 
 SC 0.01907 
Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  0.02697 
Average standard error of difference  0.02737 
Maximum standard error of difference  0.02795 
Minimum least significant difference  0.05336 
Average least significant difference  0.05414 
Maximum least significant difference  0.05529 
 

Predictions from regression model 
Response variate: ROOT_DRY_WT 
  Prediction 
 CULTIVAR   
 ARG 0.1967 
 MM 0.2304 
 S100 0.2422 
Approximate effective standard errors 
 CULTIVAR   
 ARG 0.01493 
 MM 0.01493 
 S100 0.01508 
Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
 Minimum standard error of difference  0.02111 
Average standard error of difference  0.02118 
Maximum standard error of difference  0.02122 
Minimum least significant difference  0.04176 
Average least significant difference  0.04191 
Maximum least significant difference  0.04198 
Predictions from regression model 

 Response variate: ROOT_DRY_WT 

   Prediction   
 CULTIVAR ARG MM S100 
 AMF   
 AC 0.2060 0.2330 0.2500 
 AL 0.2080 0.2720 0.2270 
 FM 0.1378 0.2367 0.2911 
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 NAM 0.2190 0.2230 0.2790 
 SC 0.2070 0.1880 0.1690 
 

Approximate effective standard errors 

 CULTIVAR ARG MM S100 
 AMF   
 AC 0.03304 0.03304 0.03482 
 AL 0.03304 0.03304 0.03304 
 FM 0.03482 0.03482 0.03482 
 NAM 0.03304 0.03304 0.03304 
 SC 0.03304 0.03304 0.03304 
Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference 0.04672 
Average standard error of difference  0.04740 
Maximum standard error of difference  0.04925 
Minimum least significant difference  0.09242 
Average least significant difference  0.09377 
Maximum least significant difference  0.09742 
 
SHOOT DRY WEIGHT 
 Analysis of variance 
Source d.f. s.s. m.s. v.r. F pr. 
AMF ignoring CULTIVAR  4  5.1863  1.2966  3.17  0.016 
AMF eliminating CULTIVAR  4  5.1553  1.2888  3.15  0.016 
CULTIVAR ignoring AMF  2  6.3512  3.1756  7.77  < 0.001 
CULTIVAR eliminating AMF  2  6.3201  3.1601  7.73  < 0.001 
AMF.CULTIVAR  8  4.8174  0.6022  1.47  0.173 
Residual  131  53.5292  0.4086      
Total  145  69.8530  0.4817      
 Information summary 
 Design unbalanced, analysed by GenStat regression 
 Predictions from regression model 
Response variate: Shoot_Dr_WT 
 Prediction 
 AMF   
 AC 1.488 c 
 AL 1.437 bc 
 FM 1.132 ab 
 NAM 1.47 5c 
 SC 1.046 a 
 Approximate effective standard errors 
 AMF   
 AC 0.1188 
 AL 0.1167 
 FM 0.1230 
 NAM 0.1167 
 SC 0.1167 
Discrepancy between sed and value calculated from ese's 
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Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  0.1651 
Average standard error of difference  0.1675 
Maximum standard error of difference  0.1710 
Minimum least significant difference  0.3265 
Average least significant difference  0.3313 
Maximum least significant difference  0.3383 
Predictions from regression model 

 Response variate: Shoot_Dr_WT 

  

  Prediction 
 CULTIVAR   
 ARG 1.120 a 
 MM 1.605 b 
 S100 1.228 a 
 Approximate effective standard errors 
 CULTIVAR   
 ARG 0.09133 
 MM 0.09133 
 S100 0.09230 
Discrepancy between sed and value calculated from ese's 
 Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  0.1292 
Average standard error of difference  0.1296 
Maximum standard error of difference  0.1298 
Minimum least significant difference  0.2555 
Average least significant difference  0.2564 
Maximum least significant difference  0.2569 
Predictions from regression model 

Response variate: Shoot_Dr_WT 

  Prediction   
 CULTIVAR ARG MM S100 
 AMF   
 AC 1.423 1.601 1.438 
 AL 0.951 2.069 1.289 
 FM 0.736 1.354 1.309 
 NAM 1.427 1.620 1.377 
 SC 1.033 1.357 0.741 
Approximate effective standard errors 
 CULTIVAR  ARG  MM  S100 
 AMF   
 AC 0.2021 0.2021 0.2131 
 AL 0.2021 0.2021 0.2021 
 FM 0.2131 0.2131 0.2131 
 NAM 0.2021 0.2021 0.2021 
 SC 0.2021 0.2021 0.2021 
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 Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference 0.2859 
Average standard error of difference  0.2900 
Maximum standard error of difference  0.3013 
Minimum least significant difference  0.5655 
Average least significant difference  0.5738 
Maximum least significant difference  0.5961 
 
STEM DIAMETER HARVEST A 
Analysis of variance 
Variate: ST_DIAM_HARV_A 
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF 4  0.6497  0.1624  0.35  0.845 
CULTIVAR 2  1.8059  0.9030  1.94  0.148 
AMF.CULTIVAR 8  2.9218  0.3652  0.78  0.618 
Residual 132  61.5371  0.4662     
Total 146  66.9145       
Information summary 
 All terms orthogonal, none aliased. 
Note: 3 missing units have been omitted from the analysis. 
Tables of means 
Grand mean  2.8892 
Table of means for AMF  
 AMF AC AL FM NAM SC 
 mean 2.9453 2.9827 2.8322 2.8717 2.8083 
 rep. 30 30 27 30 30 
 s.e. 0.1247 0.1247 0.1314 0.1247 0.1247 
  
 Minimum standard error of difference  0.1763 
 Average standard error of difference  0.1782 
 Maximum standard error of difference  0.1811 
  Minimum least significant difference  0.3487 
 Average least significant difference  0.3525 
 Maximum least significant difference  0.3583 
Table of means for CULTIVAR 
  
 CULTIVAR ARG MM S100 
  2.8647 3.0355 2.7673 
 Standard error  0.0975 
Replication     49 
Standard error of differences of means 0.1379 
Least significant difference (at   5.0%) 0.2729 
 
Table of means for AMF.CULTIVAR 
  CULTIVAR ARG   
  mean rep. s.e. 
 AMF   
 AC 2.7980 10 0.2159 
 AL 2.9850 10 0.2159 
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 FM 2.8289 9 0.2276 
 NAM 2.8880 10 0.2159 
 SC 2.8200 10 0.2159 
 CULTIVAR MM   
  mean rep. s.e. 
 AMF   
 AC 3.1450 10 0.2159 
 AL 3.2760 10 0.2159 
 FM 2.7511 9 0.2276 
 NAM 2.8420 10 0.2159 
 SC 3.1350 10 0.2159 
 CULTIVAR S100   
  mean rep. s.e. 
 AMF   
 AC 2.8930 10 0.2159 
 AL 2.6870 10 0.2159 
 FM 2.9167 9 0.2276 
 NAM 2.8850 10 0.2159 
 SC 2.4700 10 0.2159 
  
 Minimum standard error of difference  0.3053 
 Average standard error of difference  0.3087 
 Maximum standard error of difference  0.3219 
  Minimum least significant difference  0.6040 
 Average least significant difference  0.6106 
 Maximum least significant difference  0.6367 
  
 STEM HEIGHT HARVEST A 
Analysis of variance 
Variate: Stem_HT_HAR_A 
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF 4  1757.1  439.3  1.47  0.216 
CULTIVAR 2  8245.4  4122.7  13.76 <.001 
AMF.CULTIVAR 8  2713.5  339.2  1.13  0.346 
Residual 132  39547.2  299.6     
Total 146  52263.2       
Information summary 

 All terms orthogonal, none aliased. 

 Message: the following units have large residuals. 

 *units* 21    -48.3 approx. s.e.   16.4 
*units* 140                                       46.7 approx. s.e.   16.4 
  
Note: 3 missing units have been omitted from the analysis. 
Tables of means 
Grand mean  67.306 
Table of means for AMF 
  
 AMF AC AL FM NAM SC 
 mean 68.633 72.300 61.630 67.733 65.667 
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 rep. 30 30 27 30 30 
 s.e. 3.160 3.160 3.331 3.160 3.160 
  
 Minimum standard error of difference  4.469 
 Average standard error of difference  4.518 
 Maximum standard error of difference  4.592 
  Minimum least significant difference  8.840 
 Average least significant difference  8.937 
 Maximum least significant difference  9.083 
 Table of means for CULTIVAR 
 CULTIVAR ARG MM S100 
  77.673 b 64.000 a 60.245 a 
Standard error  2.473 
Replication     49 
Standard error of differences of means 3.497 
Least significant difference (at   5.0%) 6.917 
 
Table of means for AMF.CULTIVAR 
 CULTIVAR ARG   
  mean rep. s.e. 
 AMF   
 AC 83.300 10 5.474 
 AL 85.300 10 5.474 
 FM 64.667 9 5.770 
 NAM 77.300 10 5.474 
 SC 76.500 10 5.474 
 CULTIVAR MM   
  mean rep. s.e. 
 AMF   
 AC 61.600 10 5.474 
 AL 72.800 10 5.474 
 FM 58.444 9 5.770 
 NAM 60.200 10 5.474 
 SC 66.400 10 5.474 
 CULTIVAR S100   
  mean rep. s.e. 
 AMF   
 AC 61.000 10 5.474 
 AL 58.800 10 5.474 
 FM 61.778 9 5.770 
 NAM 65.700 10 5.474 
 SC 54.100 10 5.474 
  

 Minimum standard error of difference  7.741 
 Average standard error of difference  7.825 
 Maximum standard error of difference  8.160 
  Minimum least significant difference  15.31 
 Average least significant difference  15.48 
 Maximum least significant difference  16.14 
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STEM DIAMETER HARVEST B 

Analysis of variance 
Source d.f. s.s. m.s. v.r. F pr. 
AMF ignoring CULTIVAR  4  0.9338  0.2334  0.78  0.538 
AMF eliminating CULTIVAR  4  0.9138  0.2285  0.77  0.549 
CULTIVAR ignoring AMF  2  6.2048  3.1024  10.40  < 0.001 
CULTIVAR eliminating AMF  2  6.1848  3.0924  10.37  < 0.001 
AMF.CULTIVAR  8  2.8751  0.3594  1.21  0.301 
Residual  131  39.0695  0.2982      
Total  145  49.0631  0.3384      
Information summary 
Design unbalanced, analysed by GenStat regression 
 Predictions from regression model 
 Response variate: Stem_DM_HARV_B 
 Prediction 
 AMF   
 AC 4.162 
 AL 4.165 
 FM 4.161 
 NAM 4.144 
 SC 3.963 
Approximate effective standard errors 
 AMF   
 AC 0.1015 
 AL 0.0997 
 FM 0.1051 
 NAM 0.0997 
 SC 0.0997 
 Discrepancy between sed and value calculated from ese's 
 Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  0.1410 
Average standard error of difference  0.1431 
Maximum standard error of difference  0.1461 
Minimum least significant difference  0.2790 
Average least significant difference  0.2830 
Maximum least significant difference  0.2890 
Predictions from regression model 

Response variate: Stem_DM_HARV_B 

Prediction 
 CULTIVAR   
 ARG 4.050 a 
 MM 4.395 b 
 S100 3.905 a 
  
 Approximate effective standard errors 
 CULTIVAR   
 ARG 0.07802 
 MM 0.07802 
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 S100 0.07886 
 Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  0.1103 
Average standard error of difference  0.1107 
Maximum standard error of difference  0.1109 
Minimum least significant difference  0.2183 
Average least significant difference  0.2191 
Maximum least significant difference  0.2195 
Predictions from regression model 
 

Response variate: Stem_DM_HARV_B 
  Prediction   
 CULTIVAR ARG MM S100 
 AMF   
 AC 3.985 4.537 3.961 
 AL 4.214 4.582 3.690 
 FM 3.924 4.340 4.221 
 NAM 4.258 4.257 3.913 
 SC 3.856 4.257 3.772 
  Approximate effective standard errors 
 CULTIVAR ARG MM S100 
 AMF   
 AC 0.1727 0.1727 0.1820 
 AL 0.1727 0.1727 0.1727 
 FM 0.1820 0.1820 0.1820 
 NAM 0.1727 0.1727 0.1727 
 SC 0.1727 0.1727 0.1727 
 Discrepancy between sed and value calculated from ese's 
 Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference 0.2442 
Average standard error of difference  0.2478 
Maximum standard error of difference  0.2574 
Minimum least significant difference  0.4831 
Average least significant difference  0.4902 
Maximum least significant difference  0.5093 
  
 STEM HEIGHT HARVEST B 

Analysis of variance 
Source d.f. s.s. m.s. v.r. F pr. 
AMF ignoring CULTIVAR  4  10139  2535  1.98  0.102 
AMF eliminating CULTIVAR  4  10117  2529  1.97  0.102 
CULTIVAR ignoring AMF  2  17114  8557  6.67  0.002 
CULTIVAR eliminating AMF  2  17092  8546  6.67  0.002 
AMF.CULTIVAR  8  20488  2561  2.00  0.052 
Residual  131  167960  1282      
Total  145  215678  1487      
Information summary 
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Design unbalanced, analysed by GenStat regression 
Predictions from regression model 
Response variate: STEM_HT_HARV_B 
 Prediction 
 AMF   
 AC 164.9 
 AL 167.3 
 FM 150.0 
 NAM 163.1 
 SC 146.9 
 Approximate effective standard errors 
  AMF   
 AC 6.654 
 AL 6.538 
 FM 6.891 
 NAM 6.538 
 SC 6.538 
  Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  9.246 
Average standard error of difference  9.380 
Maximum standard error of difference  9.580 
Minimum least significant difference  18.29 
Average least significant difference  18.56 
Maximum least significant difference  18.95 
  
 Predictions from regression model 
Response variate: STEM_HT_HARV_B 
  Prediction 
 CULTIVAR   
 ARG 172.5 b 
 MM 146.3 a 
 S100 156.9 a 
Approximate effective standard errors 
 CULTIVAR   
 ARG 5.116 
 MM 5.116 
 S100 5.170 
 Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference  7.235 
Average standard error of difference  7.261 
Maximum standard error of difference  7.273 
Minimum least significant difference  14.31 
Average least significant difference  14.36 
Maximum least significant difference  14.39 
Predictions from regression model 

Response variate: STEM_HT_HARV_B 
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 Prediction   
 CULTIVAR ARG MM S100 
 AMF   
 AC 183.9 139.7 171.3 
 AL 179.6 169.9 152.2 
 FM 145.2 142.1 162.9 
 NAM 174.0 142.2 173.2 
 SC 177.2 137.1 125.9 
 Approximate effective standard errors 
 CULTIVAR ARG MM S100 
 AMF   
 AC 11.32 11.32 11.94 
 AL 11.32 11.32 11.32 
 FM 11.94 11.94 11.94 
 NAM 11.32 11.32 11.32 
 SC 11.32 11.32 11.32 
 Discrepancy between sed and value calculated from ese's 
Maximum discrepancy              0 
Maximum % discrepancy         0.00 
Minimum standard error of difference 16.01 
Average standard error of difference  16.25 
Maximum standard error of difference  16.88 
Minimum least significant difference  31.68 
Average least significant difference  32.14 
Maximum least significant difference  33.39 
   

7.4.2 Tomato flowering — Pearson’s Chi Square 

Regression analysis 
  Response variate:  Flowering 
 Binomial totals:  n 
 Distribution:  Binomial 
 Link function:  Logit 
 Fitted terms:  Constant + AMF + Cultivar + AMF.Cultivar 
  
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  14  19.71  1.408  1.41  0.140 
Residual  0  0.00  *     
Total  14  19.71  1.408     
 Change  -8  -9.28  1.160  1.16  0.320 
  
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
 Accumulated analysis of deviance 
  mean deviance  approx 
Change                    d.f. deviance deviance ratio chi pr 
+ AMF                      4  6.725  1.681  1.68  0.151 
+ Cultivar                2  3.710  1.855  1.85  0.156 
Residual                  8  9.276  1.160     
+ AMF.Cultivar       8  9.276  1.160  1.16  0.320 
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 Total                     14  19.711  1.408     
Message: ratios are based on dispersion parameter with value 1. 
 

7.4.3 Tomato colonisation — Pearson’s Chi Square  

Colonisation 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  14  18.61  1.329  1.33  0.181 
Residual  0  0.00  *     
Total  14  18.61  1.329     
Change  -8  -7.88  0.985  0.98  0.445 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                        d.f. deviance deviance ratio chi pr 
+ AMF                           4  3.0469  0.7617  0.76  0.550 
+ Cultivar                     2  7.6811  3.8406  3.84  0.021 
Residual                       8  7.8780  0.9847     
+ AMF.Cultivar            8  7.8780  0.9847  0.98  0.445 
Total                            14  18.6061  1.3290     
  
Response variate: hyphal coils 
  
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  14  14.12  1.008  1.01  0.441 
Residual  0  0.00  *     
Total  14  14.12  1.008     
 Change  -8  -7.84  0.980  0.98  0.449 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                         d.f. deviance deviance ratio chi pr 
+ AMF                            4  5.5997  1.3999  1.40  0.231 
+ Cultivar                        2  0.6778  0.3389  0.34  0.713 
Residual                         8  7.8413  0.9802     
+ AMF.Cultivar             8  7.8413  0.9802  0.98  0.449 
Total                             14  14.1187  1.0085     
 
Response variate: entry points 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  14  30.47  2.176  2.18  0.007 
Residual  0  0.00  *     
Total  14  30.47  2.176     
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Change  -8  -11.93  1.491  1.49  0.154 
  
Dispersion parameter is fixed at 1.00. 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                       d.f. deviance deviance ratio chi pr 
+ AMF                          4  8.882  2.221  2.22  0.064 
+ Cultivar                    2  9.659  4.830  4.83  0.008 
Residual                      8  11.927  1.491     
+ AMF.Cultivar          8  11.927  1.491  1.49  0.154 
Total                           14  30.469  2.176     
  
Response variate:  hyphae 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  14  18.61  1.329  1.33  0.181 
Residual  0  0.00  *     
Total  14  18.61  1.329     
Change  -8  -7.88  0.985  0.98  0.445 
  
Dispersion parameter is fixed at 1.00. 
 Message: deviance ratios are based on dispersion parameter with value 1. 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                          d.f. deviance deviance ratio chi pr 
+ AMF                            4  3.0469  0.7617  0.76  0.550 
+ Cultivar                       2  7.6811  3.8406  3.84  0.021 
Residual                         8  7.8780  0.9847     
+ AMF.Cultivar             8  7.8780  0.9847  0.98  0.445 
 Total                            14  18.6061  1.3290     
  
Response variate:  vesicles 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  14  33.02  2.358  2.36  0.003 
Residual  0  0.00  *     
Total  14  33.02  2.358     
Change  -8  -3.09  0.386  0.39  0.929 
  
Dispersion parameter is fixed at 1.00. 
 Accumulated analysis of deviance 
  mean deviance  approx 
Change                       d.f. deviance deviance ratio chi pr 
+ AMF                         4  26.1622  6.5405  6.54 <.001 
+ Cultivar                    2  3.7663  1.8832  1.88  0.152 
Residual                      8  3.0885  0.3861     
+ AMF.Cultivar          8  3.0885  0.3861  0.39  0.929 
Total                           14  33.0170  2.3584     
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7.5: Experiment 5 – The effect of mustard bio-fumigants on four 

species of arbuscular mycorrhizal fungi  

7.5.1 Spore Counts — ANOVA  

Information summary 
Design is orthogonal. Analyse by ANOVA. 
Variate: Arcsine_spore 
  
Source of variation d.f. s.s.  m.s.  v.r.  F 
pr. 
AMF   3  4.11423 1.37141 36.01 
 <.001 
Depth   1  0.00566 0.00566 0.15  
 0.700 
Mustard  2  0.12737 0.06368 1.67  
 0.191 
AMF.Depth  3  0.16840 0.05613 1.47 
 0.223 
AMF.Mustard  6  0.55296 0.09216 2.42  
 0.028 
Depth.Mustard  2  0.00864 0.00432 0.11  
 0.893 
AMF.Depth.Mustard 6  0.39151 0.06525 1.71 
 0.120 
Residual  192  7.31235 0.03809     
Total   215  12.68112       
  
Tables of means 
Grand mean  0.431  
  AMF  AC  AL  FM  SC 
   0.496  0.583  0.210  0.434 
 
 Depth  50  150 
   0.426  0.436 
 
 Mustard  Caliente Mustard Non Treatment 
    0.414   0.413  0.465 
 
  AMF Depth  50  150 
 AC   0.499  0.493 
 AL   0.534  0.632 
 FM   0.207  0.213 
 SC   0.462  0.405 
  
 AMF Mustard Caliente Mustard Non Treatment 
 AC   0.480   0.387  0.621 
 AL   0.567   0.573  0.608 
 FM   0.148  0.237   0.245 
 SC   0.459  0.455   0.386 
  
 Depth Mustard Caliente Mustard Non Treatment 
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  50   0.400   0.410   0.466 
  150   0.428   0.416   0.464 
  
  
 
 
 
 
AMF Depth Mustard  Caliente Mustard Non Treatment 
 AC  50   0.396   0.445   0.655 
   150   0.565   0.329   0.586 
 AL  50   0.549   0.505   0.547 
   150   0.586   0.641   0.669 
 FM  50   0.209   0.201   0.211 
   150   0.087   0.273   0.278 
 SC  50   0.446   0.489   0.451 
   150   0.473   0.421   0.322 
  
Standard errors of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  54  108  72  27   
d.f.  192  192  192  192   
e.s.e.  0.0266  0.0188  0.0230  0.0376   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  18  36  9     
d.f.  192  192  192     
e.s.e.  0.0460  0.0325  0.0651     
  
Standard errors of differences of means 
 Table AMF Depth Mustard AMF   
    Depth   
rep.  54  108  72  27   
d.f.  192  192  192  192   
s.e.d.  0.0376  0.0266  0.0325  0.0531   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  18  36  9     
d.f.  192  192  192     
s.e.d.  0.0651  0.0460  0.0920     
  
Least significant differences of means (5% level) 
Table AMF Depth MustardAMF   
    Depth   
rep.  54  108  72  27   
d.f.  192  192  192  192   
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l.s.d.  0.0741  0.0524  0.0642  0.1048   
  
Table AMF Depth AMF     
 MustardMustardDepth     
   Mustard     
rep.  18  36  9     
d.f.  192  192  192     
l.s.d.  0.1283  0.0907  0.1815     
  

7.6: Experiment 6 – The effect of mustard bio-fumigants on two 

species of arbuscular mycorrhizal fungi 

7.6.1 Spore Counts — ANOVA  

Information summary 

 Design is orthogonal. Analyse by ANOVA. 

 Analysis of variance – Spore numbers (arcsine transformed) 

  
Variate: Arc_spore 
  
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF 1  0.55400  0.55400  9.91  0.002 
Depth 1  0.01107  0.01107  0.20  0.657 
Mustard 2  1.01819  0.50909  9.10 <.001 
AMF.Depth 1  0.52965  0.52965  9.47  0.003 
AMF.Mustard 2  0.01483  0.00741  0.13  0.876 
Depth.Mustard 2  0.18404  0.09202  1.65  0.198 
AMF.Depth.Mustard 2  0.00013  0.00006  0.00  0.999 
Residual 108  6.03961  0.05592     
Total 119  8.35151       
  
Tables of means 

Grand mean  0.513  
  
 AMF  AC  AL 
   0.445  0.581 
  
 Depth  5  15 
   0.522  0.503 
  
 Mustard  Caliente  Mustard  Non Treatment 
   0.434  0.642  0.462 
  
 AMF Depth  50  150 
 AC   0.388  0.502 
 AL   0.657  0.505 
  
 AMF Mustard  Caliente  Mustard  Non Treatment 
 AC   0.352  0.586  0.396 
 AL   0.517  0.698  0.528 
  
 Depth Mustard  Caliente  Mustard  Non Treatment 
  50   0.466  0.685  0.417 
  150   0.403  0.599  0.507 
  
 AMF Depth Mustard  Caliente  Mustard  Non Treatment 
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 AC  50   0.316  0.562  0.286 
   150   0.388  0.610  0.507 
 AL  50   0.616  0.807  0.547 
   150   0.418  0.588  0.508 
 
Standard errors of means 
 Table    AMF  Depth  Mustard      AMF
   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
e.s.e.  0.0305  0.0305  0.0374  0.0432   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
e.s.e.  0.0529  0.0529  0.0748     
  
Standard errors of differences of means 
 Table    AMF  Depth     Mustard         AMF
   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
s.e.d.  0.0432  0.0432  0.0529  0.0611   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
s.e.d.  0.0748  0.0748  0.1058     
  
Least significant differences of means (5% level) 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
l.s.d.  0.0856  0.0856  0.1048  0.1210   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
l.s.d.           0.1482        0.1482       0.2096 
 

7.6.2 Spore Germination — Regression Analysis 

Week 4 

Regression analysis 

            Response variate:  Germination2 

                Binomial totals:  3 

                     Distribution:  Binomial 

                   Link function:  Logit 
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                    Fitted terms:  Constant + AMF2 + Biofumigant2 + Depth2 + 

AMF2.Biofumigant2 + AMF2.Depth2 + Biofumigant2.Depth2 + 

AMF2.Biofumigant2.Depth2 

Summary of analysis 

                                                                              mean      deviance  approx 

Source                   d.f.            deviance            deviance             ratio       F pr. 

Regression              11                  18.2                1.659            0.94     0.509 

Residual                108                 191.3                1.772                                   

Total                      119                 209.6                1.761                                   

  

Change                    -2                   -1.6                0.815            0.46     0.633 

Dispersion parameter is estimated to be 1.77 from the residual deviance. 

Message: s.e.s are based on the residual deviance. 

Parameters for factors are differences compared with the reference level: 

                              Factor    Reference level 

                              AMF2    AC 

                   Biofumigant2    C 

                            Depth2    1 

  

Accumulated analysis of deviance 

                                  mean       deviance     approx 

Change              d.f.            deviance            deviance ratio              F pr. 

   

+ AMF2   1                0.621                 0.621             0.35        0.555 

+ Biofumigant2  2                1.219                 0.610             0.34         0.710 

+Depth2              1                1.032                 1.032            0.58        0.447 

+AMF2.Bio2        2                1.241                 0.621             0.35        0.705 

+ AMF2.Depth2  1                9.265                 9.265             5.23        0.024 

+Bio2.Depth2      2                3.241                 1.620             0.91        0.404 

+AMF2.Bio2.D2   2                1.630                 0.815             0.46        0.633 

Residual               108            191.349           1.772                                     

Total        119           209.597            1.761 

 

Weeks 1,2,3 and 4 

Regression analysis 

            Response variate:  Germination 

                Binomial totals:  3 

                     Distribution:  Binomial 

                   Link function:  Logit 

                    Fitted terms:  Constant + AMF + Biofumigant + Depth + Week + 

AMF.Biofumigant + AMF.Depth + Biofumigant.Depth + AMF.Week + 

Biofumigant.Week + Depth.Week + AMF.Biofumigant.Depth + 

AMF.Biofumigant.Week + AMF.Depth.Week + Biofumigant.Depth.Week + 

AMF.Biofumigant.Depth.Week 
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Summary of analysis 
                                                                              mean      deviance   approx 
Source                   d.f.            deviance            deviance   ratio        F pr. 
Regression              47                 494.3               10.517       6.93       <.001 
Residual                432                 656.0                1.518                                   
Total                      479               1150.3                2.401                                   
Change                    -6                   -3.4                0.566            0.37     0.896 
Dispersion parameter is estimated to be 1.52 from the residual deviance. 
  

 

 

 

 

 

Accumulated analysis of deviance 

                                                                           mean       deviance     approx 

Change               d.f.            deviance            deviance   ratio          F pr. 

+AMF                   1                2.911                 2.911             1.92        0.167 

+Biofumigant      2                1.144                 0.572             0.38        0.686 

+Depth                 1                2.235                 2.235             1.47        0.226 

+Week                  3             440.029             146.676            96.60        <.001 

+AMF.Biof            2                2.346                 1.173             0.77        0.462 

+AMF.Depth        1               22.345               22.345            14.72        <.001 

+Biof.Depth          2                8.267                 4.134             2.72        0.067 

+AMF.Week         3                1.892                 0.631             0.42        0.742 

+Biof.Week          6                1.944                 0.324             0.21        0.973 

+Depth.Week       3                0.062                 0.021             0.01        0.998 

+AMF.Biof.Depth 2                0.710                 0.355             0.23        0.72 

+AMF.Biof.Week  6                2.946                 0.491             0.32        0.925 

+AMF.Dep.Week  3                0.771                 0.257             0.17        0.917 

+Biof.Dep.Week   6                3.320                 0.553             0.36        0.901 

+AMF.Biof.D.Week 6             3.393                 0.566             0.37        0.896 

Residual                432             655.961                 1.518                                     

Total                      479           1150.276                 2.401      

 

7.6.3 Tomato Growth — ANOVA              

Root Dry Weight 

Information summary 

Design is orthogonal. Analyse by ANOVA. 
Variate: Root_dry_wt 
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF 1  0.007130  0.007130  1.28  0.260 
Depth 1  0.002042  0.002042  0.37  0.546 
Mustard 2  0.008018  0.004009  0.72  0.489 
AMF.Depth 1  0.002385  0.002385  0.43  0.514 
AMF.Mustard 2  0.003628  0.001814  0.33  0.723 
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Depth.Mustard 2  0.017041  0.008521  1.53  0.221 
AMF.Depth.Mustard 2  0.007358  0.003679  0.66  0.519 
Residual 108  0.601572  0.005570     
Total 119  0.649175       
  
Tables of means 

Grand mean  0.1650  
  
 AMF  AC  AL 
   0.1573  0.1727 
  
 Depth  50  150 
   0.1691  0.1608 
  
  
 
 
Mustard   Caliente  Mustard  Non Treatment 
   0.1673  0.1736  0.1540 
  
 AMF Depth  50  150 
 AC   0.1658  0.1487 
 AL   0.1723  0.1730 
  
 AMF Mustard  Caliente  Mustard  Non Treatment 
 AC   0.1645  0.1583  0.1490 
 AL   0.1700  0.1890  0.1590 
  
 Depth Mustard  Caliente  Mustard  Non Treatment 
  50   0.1865  0.1638  0.1570 
  150   0.1480  0.1835  0.1510 
  
 AMF Depth Mustard  Caliente  Mustard  Non Treatment 
 AC  50   0.1800  0.1505  0.1670 
   150   0.1490  0.1660  0.1310 
 AL  50   0.1930  0.1770  0.1470 
   150   0.1470  0.2010  0.1710 
  
Standard errors of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
e.s.e.  0.00964  0.00964  0.01180  0.01363   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
e.s.e.  0.01669  0.01669  0.02360     
  
Standard errors of differences of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
s.e.d.  0.01363  0.01363  0.01669  0.01927   
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Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
s.e.d.  0.02360  0.02360  0.03338     
  
Least significant differences of means (5% level) 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
l.s.d.  0.02701  0.02701  0.03308  0.03820   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
l.s.d.  0.04678  0.04678  0.06616     
  
Shoot dry weight 
Information summary 
  
Design is orthogonal. Analyse by ANOVA. 
 
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF 1  0.1408  0.1408  1.01  0.316 
Depth 1  0.1235  0.1235  0.89  0.348 
Mustard 2  0.0822  0.0411  0.30  0.744 
AMF.Depth 1  0.0696  0.0696  0.50  0.481 
AMF.Mustard 2  0.1462  0.0731  0.53  0.592 
Depth.Mustard 2  0.2625  0.1312  0.94  0.392 
AMF.Depth.Mustard 2  0.0516  0.0258  0.19  0.831 
Residual 108  15.0109  0.1390     
Total 119  15.8874       
  
Tables of means 
Grand mean  0.719  
  
 AMF  AC  AL 
   0.685  0.753 
  
 Depth  50  150 
   0.751  0.687 
  
 Mustard  Caliente  Mustard  Non Treatment 
   0.724  0.748  0.685 
  
 AMF Depth  50  150 
 AC   0.741  0.629 
 AL   0.761  0.745 
  
 AMF Mustard  Caliente  Mustard  Non Treatment 
 AC   0.724  0.666  0.664 
 AL   0.724  0.831  0.705 
  
 Depth Mustard  Caliente  Mustard  Non Treatment 
  50   0.812  0.722  0.719 
  150   0.636  0.774  0.650 
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 AMF Depth Mustard  Caliente  Mustard  Non Treatment 
 AC  50   0.819  0.652  0.752 
   150   0.629  0.680  0.577 
 AL  50   0.806  0.792  0.686 
   150   0.643  0.869  0.724 
  
Standard errors of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
e.s.e.  0.0481  0.0481  0.0589  0.0681   
  
 
 
 
 
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
e.s.e.  0.0834  0.0834  0.1179     
  
Standard errors of differences of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
s.e.d.  0.0681  0.0681  0.0834  0.0963   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
s.e.d.  0.1179  0.1179  0.1667     
  
Least significant differences of means (5% level) 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
l.s.d.  0.1349  0.1349  0.1652  0.1908   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
l.s.d.  0.2337  0.2337  0.3305     
  
  
  

Stem diameter 
Information summary 
Design is orthogonal. Analyse by ANOVA. 
Source of variation d.f. s.s. m.s. v.r. F pr. 
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AMF 1  0.0464  0.0464  0.11  0.739 
Depth 1  0.0023  0.0023  0.01  0.942 
Mustard 2  1.0786  0.5393  1.29  0.279 
AMF.Depth 1  0.0007  0.0007  0.00  0.969 
AMF.Mustard 2  0.0073  0.0036  0.01  0.991 
Depth.Mustard 2  0.3685  0.1842  0.44  0.644 
AMF.Depth.Mustard 2  0.4251  0.2126  0.51  0.602 
Residual 108  45.0655  0.4173     
Total 119  46.9944       
  
Tables of means 
Grand mean  3.190  
  
 AMF  AC  AL 
   3.170  3.210 
  
 Depth  50  150 
   3.186  3.194 
  
 Mustard  Caliente  Mustard  Non Treatment 
   3.127  3.324  3.119 
  
 AMF Depth  50  150 
 AC   3.168  3.172 
 AL   3.203  3.216 
  
 AMF Mustard  Caliente  Mustard  Non Treatment 
 AC   3.096  3.308  3.106 
 AL   3.157  3.340  3.131 
  
 Depth Mustard  Caliente  Mustard  Non Treatment 
  50   3.201  3.278  3.077 
  150   3.053  3.369  3.160 
  
 AMF Depth Mustard  Caliente  Mustard  Non Treatment 
 AC  50   3.123  3.231  3.151 
   150   3.070  3.385  3.062 
 AL  50   3.279  3.326  3.004 
   150   3.036  3.354  3.259 
 
Standard errors of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
e.s.e.  0.0834  0.0834  0.1021  0.1179   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
e.s.e.  0.1444  0.1444  0.2043     
  
Standard errors of differences of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
s.e.d.  0.1179  0.1179  0.1444  0.1668   
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Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
s.e.d.  0.2043  0.2043  0.2889     
  
Least significant differences of means (5% level) 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
l.s.d.  0.2338  0.2338  0.2863  0.3306   
  
 
 
 
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
l.s.d.  0.4049  0.4049  0.5726     
  
Stem height 
Information summary 
Design is orthogonal. Analyse by ANOVA. 
  
Source of variation d.f. s.s. m.s. v.r. F pr. 
AMF 1  520.8  520.8  0.69  0.409 
Depth 1  433.2  433.2  0.57  0.451 
Mustard 2  1288.5  644.3  0.85  0.430 
AMF.Depth 1  418.1  418.1  0.55  0.459 
AMF.Mustard 2  293.2  146.6  0.19  0.824 
Depth.Mustard 2  5813.8  2906.9  3.84  0.024 
AMF.Depth.Mustard 2  2055.3  1027.7  1.36  0.262 
Residual 108  81729.4  756.8     
Total 119  92552.4       
  
Tables of means 
Grand mean  93.9  
  
 AMF  AC  AL 
   91.8  96.0 
  
 Depth  50  150 
   95.8  92.0 
  
 Mustard  Caliente  Mustard  Non Treatment 
   92.6  98.4  90.7 
  
 AMF Depth  50  150 
 AC   95.6  88.0 
 AL   96.0  95.9 
  
 AMF Mustard  Caliente  Mustard  Non Treatment 
 AC   89.7  94.9  90.8 
 AL   95.5  101.8  90.5 
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 Depth Mustard  Caliente  Mustard  Non Treatment 
  50   102.6  91.4  93.3 
  150   82.6  105.3  88.0 
  
 AMF Depth Mustard  Caliente  Mustard  Non Treatment 
 AC  50   100.2  85.6  100.9 
   150   79.3  104.2  80.6 
 AL  50   105.1  97.2  85.7 
   150   85.9  106.5  95.4 
  
Standard errors of means 
Table   AMF Depth              Mustard               AMF  
                      Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
e.s.e.  3.55  3.55  4.35  5.02   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
e.s.e.  6.15  6.15  8.70     
  
Standard errors of differences of means 
Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
s.e.d.  5.02  5.02  6.15  7.10   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
s.e.d.  8.70  8.70  12.30     
 
Least significant differences of means (5% level) 
 Table AMF Depth Mustard AMF   
    Depth   
rep.  60  60  40  30   
d.f.  108  108  108  108   
l.s.d.  9.96  9.96  12.19  14.08   
  
Table AMF Depth AMF     
 Mustard Mustard Depth     
   Mustard     
rep.  20  20  10     
d.f.  108  108  108     
l.s.d.                17.24   17.24   24.39 
 

7.6.4 Tomato colonisation — Pearson’s Chi Square 

Colonisation 
Binomial totals:  10 
 Distribution:  Binomial 
 Link function:  Logit 
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 Fitted terms:  Constant + AMF_species + biofumigant + depth + 
AMF_species.biofumigant + AMF_species.depth + biofumigant.depth + 
AMF_species.biofumigant.depth 
 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  11  13.96  1.269  1.27  0.235 
Residual  0  0.00  *     
Total  11  13.96  1.269     
Change  -2  -2.27  1.134  1.13  0.322 
Dispersion parameter is fixed at 1.00. 
  
 
 
 
Accumulated analysis of deviance 
  mean deviance  approx 
Change                    d.f. deviance deviance ratio chi pr 
+ AMF_species        1  2.245  2.245  2.25  0.134 
+ biofumigant          2  0.658  0.329  0.33  0.720 
+ depth                     1  3.825  3.825  3.82  0.050 
+ AMF.biof               2  4.710  2.355  2.35  0.095 
+ AMF.depth           1  0.075  0.075  0.08  0.784 
+ biof.depth            2  0.175  0.087  0.09  0.916 
Residual                   2  2.267  1.134     
+ AMF.biof.depth   2  2.267  1.134  1.13  0.322 
Total                         11  13.956  1.269     
 
Entry Points 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  11  18.54  1.685  1.69  0.070 
Residual  0  0.00  *     
Total  11  18.54  1.685     
Change  -2  0.00  0.000  0.00  1.000 
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
  
Accumulated analysis of deviance 
  mean deviance  approx 
Change                        d.f. deviance deviance ratio chi pr 
+ AMF_species            1  1.068E+01  1.068E+01  10.68  0.001 
+ biofumigant              2  2.503E+00  1.251E+00  1.25  0.286 
+ depth                         1  4.168E-01  4.168E-01  0.42  0.519 
+ AMF.biof                   2  2.557E+00  1.279E+00  1.28  0.278 
+ AMF.depth               1  2.080E+00  2.080E+00  2.08  0.149 
+ biof.depth                 2  3.008E-01  1.504E-01  0.15  0.860 
Residual                       2  2.580E-06  1.290E-06     
+ AMF.biof.depth      2  1.227E-06  6.136E-07  0.00  1.000 
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Total                            11  1.854E+01  1.685E+00     
 Message: ratios are based on dispersion parameter with value 1. 
 
Hyphae 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  11  13.83  1.257  1.26  0.242 
Residual  0  0.00  *     
Total  11  13.83  1.257     
Change  -2  -1.88  0.940  0.94  0.391 
Dispersion parameter is fixed at 1.00. 
  
Accumulated analysis of deviance 
  mean deviance  approx 
Change                   d.f. deviance deviance ratio chi pr 
+ AMF                       1  1.6873  1.6873  1.69  0.194 
+ biofumigant         2  1.2644  0.6322  0.63  0.531 
+ depth                     1  4.8615  4.8615  4.86  0.027 
+ AMF.biof               2  3.7837  1.8918  1.89  0.151 
+ AMF.depth           1  0.2505  0.2505  0.25  0.617 
+ bioft.depth           2  0.1054  0.0527  0.05  0.949 
Residual                    2  1.8791  0.9396     
+ AMF.biof.depth    2  1.8791  0.9396  0.94  0.391 
Total                         11  13.8318  1.2574     
Message: ratios are based on dispersion parameter with value 1. 
  
Vesicles 
Summary of analysis 
   mean deviance  approx 
Source d.f. deviance deviance ratio chi pr 
Regression  11  12.06  1.097  1.10  0.359 
Residual  0  0.00  *     
Total  11  12.06  1.097     
Change  -2  0.00  0.000  0.00  1.000 
Dispersion parameter is fixed at 1.00. 
Message: deviance ratios are based on dispersion parameter with value 1. 
  
Accumulated analysis of deviance 
  mean deviance  approx 
Change                     d.f. deviance deviance ratio chi pr 
+ AMF                         1  5.683E+00  5.683E+00  5.68  0.017 
+ biofumigant            2  4.543E+00  2.271E+00  2.27  0.103 
+ depth                       1  1.190E+00  1.190E+00  1.19  0.275 
+ AMF.biof                 2  1.076E-05  5.380E-06  0.00  1.000 
+ AMF.depth             1  6.371E-07  6.371E-07  0.00  0.999 
+ biof.depth               2  6.475E-01  3.237E-01  0.32  0.723 
Residual                      2  2.956E-06  1.478E-06     
+ AMF.biof.depth      2  5.209E-07  2.604E-07  0.00  1.000 
 Total                            11  1.206E+01  1.097E+00     
 Message: ratios are based on dispersion parameter with value 1. 
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Appendix 3: Molecular ITS AMF species confirmation 
Sequenced with AML1 and AML2 (Lee et al 2008) 

13 oblong 
Scutellospora calospora 
1      TTTAACATCG TCCGATCCCT AGTCGGCATA GTTTATGGTT AAGACTACGA 
51     CGGTATCTGA TCGTCTTCGA TCCCCTAACT TTCGTTCTTG ATTAATGAAA 
101    ACATCCTTGG CAAATGCTTT CGCAGAAGTT AGTCTTCAAT AAATCCAAGA 
151    ATTTCACCTC TGACAATTGA ATACTAATGC CCCCAACTAT CCCTATTAAT 
201    CATTACGGTG ATTCAGAAAC CAACAAAACA GGACCACCGT CCTATTCTAT 
251    TATTCCATGC TAATGTATTC AGACGTAAGC CTGCTTTGAA CACTCTAATT 
301    TTTTCAAGGT AAAGGTCCTG GTTTCCCACC ACGCTAAATT AATAACATGA 
351    TGGTTCCCCA GAAGGTAGGA ATTCTACACG CTAGTACAGA CTGGTTAGCC 
401    CGACCAACGG TAGAACCCCG AAATTCAACT ACGAGCTTTT TAACTGCAAC 
451    AACTTTAATA TACGCTATTG GAGCTGGAAT TACCGCGGCT GCTGGCACCA 
501    GACTTGCCCT CCAATTGTTC CTCGTTAAGG GATTTAAATT GTACTCATTC 
551    CAATTACAAG ACCCGTAAGA GCCCTGTATT GTTATTTATT GTCACTACCT 
601    CCCCGTGTCG GGATTGGGTA ATTTGCGCGC CTGCTGCCTT CCTTGGATGT 
651    GGTAGCCGTT TCTCAGGCTC CCTCTCCGGA ATCGAACCCT AATTCCCCGT 
701    TACCCGTTAA AACCATGGTA GGCCTCTATC CT 
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14 – clear 
Acaulospora laevis 
 
1      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCCAA 
51     GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCCGACACGG GGAGGTAGTG 
101    ACAATAAATA ACAATATGGG GCTCTTACGA GTCTCGTAAT TGGAATGAGT 
151    ACAATTTAAA TCTCTTAACG AGGAACAATT GGAGGGCAAG TCTGGTGCCA 
201    GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG TTGTTGCAGT 
251    TAAAAAGCTC GTAGTTGAAT TTCGGAATCT GTCCGTCGGT CGGGCTTCAC 
301    TGTCCGTACT GGTGTGATGG GTTTCTACCT TCTGAATAAC CGGCATGTCA 
351    TTAATTTGGT GCGCCGGGGA AGCAGAACTA TTACCTTGAA AAAATTAGAG 
401    TGCTTAAAGC AGGCTATCGC CTGAATAGAT TAGCATGGAA TAATAAAATA 
451    GGACGGCATG GTTCTATTTT GTTGGTTTCT AGGATCACCG TAATGATTAA 
501    TAGGGATAGT TGGGGGCATT AGTATTCAAT TGTCAGAGGT GAAATTCTTG 
551    GATTTATTGA AGACTAACTT CTGCGAAAGC ATTTGCCAAG GATGTTTTCA 
601    TTAATCAAGA ACGAAAGTTA GGGGATCGAA GACGATCAGA TACCGTCGTA 
651    GTCTTAACCA TAAACTATGC CGACTAGGGA TCGGACGATG TTAATTTTTT 
701    AATGACTCGT TCGGCGCCTT ACGGG 
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4 clear 
Funneliformis mosseae 
1      GGGGTGTTAG GGCACGACAC CGGAGAGGGA GCCTGAGAAA CGGCTACCAC 
51     ATCTCAAGGA AGGCAGCAGG CGCGCAAATT ACCCAATCCC GACACGGGGA 
101    GGTAGTGACA ATAAATAACA ATACAGGGTT CTTTTGGATC TTGTAATTGG 
151    AATGAGTACA ATTTAAATCT CTTAACGAGG AACAATTGGA GGGCAAGTCT 
201    GGTGCCAGCA GCCGCGGTAA TTCCAGCTCC AATAGCGTAT ATTAAAGTTG 
251    TTGCAGTTAA AAAGCTCGTA GTTGAATTTC GGGATCAATA TTTCGGTCAT 
301    GCCGTTGGTA TGCACTGTTA TCATTGATTT CTCACCTTCT AAAGAACCGT 
351    AATGCCATTA ATTTGGTGTT ACGGGGAATT AGGACTGTTA CCTTGAAAAA 
401    ATTAGAGTGT TTAAAGCAGG CTCACGCTTG AATACATTAG CATGGAATAA 
451    TGAAATAGGA CATCCGATTC TATTTTGTTG GTTTCTAGGA TCGATGTAAT 
501    GATTAATAGG GATAGTTGGG GGCATTAGTA TTCAATTGTC AGAGGTGAAA 
551    TTCTTGGATT TATTGAAGAC TAACTACTGC GAAAGCATTT GCCAAGGATG 
601    TTTTCATTAA TCAAGAACGA AAGTTAGGGG ATCGAAGACG ATCAGATACC 
651    GTCGTAGTCT TAACCATAAA CTATGCCGAC TAGGGATCGG ATGATGTTAA 
701    TTTTTTAATG ACTCATTC 
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6 clear  
Acaulospora capsicula 
1      GGGGATTAGG GTTCGATTCC GGAGAGGGAG CCTGAGAAAC GGCTACCACA 
51     TCCAAGGAAG GCAGCAGGCG CGCAAATTAC CCAATCCCGA CACGGGGAGG 
101    TAGTGACAAT AAATAACAAT ATGGGGCTCT TACGAGTCTC GTAATTGGAA 
151    TGAGTACAAT TTAAATCTCT TAACGAGGAA CAATTGGAGG GCAAGTCTGG 
201    TGCCAGCAGC CGCGGTAATT CCAGCTCCAA TAGCGTATAT TAAAGTTGTT 
251    GCAGTTAAAA AGCTCGTAGT TGAATTTCGG AATCTGTCCG TCGGTCGGGC 
301    TTCACTGTCC GTACTGGTGT GATGGGTTTC TACCTTCTGA ATAACCGGCA 
351    TGTCATTAAT TTGGTGCGCC GGGGAAGCAG AACTATTACC TTGAAAAAAT 
401    TAGAGTGCTT AAAGCAGGCT ATCGCCTGAA TAGATTAGCA TGGAATAATA 
451    AAATAGGACG GCATGGTTCT ATTTTGTTGG TTTCTAGGAT CACCGTAATG 
501    ATTAATAGGG ATAGTTGGGG GCATTAGTAT TCAATTGTCA GAGGTGAAAT 
551    TCTTGGATTT ATTGAAGACT AACTTCTGCG AAAGCATTTG CCAAGGATGT 
601    TTTCATTAAT CAAGAACGAA AGTTAGGGGA TCGAAGACGA TCAGATACCG 
651    TCGTAGTCTT AACCATAAAC TATGCCGACT AGGGATCGGA CGATGTTAAT 
701    TTTTTAATGA CTCGTTCGGC GCCTTACGGG AAA 
 
 

 

 




