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Abstract 

Factors affecting arbuscular mycorrhizal colonisation (AMF) in grapevines 

by 

Romy Moukarzel 

In New Zealand, the wine industry constitutes 29% of its total horticultural exports and is the 

second largest horticultural export commodity. Increasing sustainability and reducing the 

environmental impacts are key drivers for the New Zealand wine industry. To achieve this, part of the 

focus should be on integrating sustainable strategies to optimise services from beneficial microbes, 

such as arbuscular mycorrhizal fungi (AMF), to improve grapevine health and production. Due to 

difficulties in culturing and identifying AMF little is known about the AMF communities associated with 

grapevines in New Zealand. Further, there is a significant gap in knowledge regarding the potential 

effect of vineyard management practices on these communities and hence the resilience of the 

ecosystem services they provide. For these reasons, the goal of this project was to i) identify the AMF 

communities associated with grapevines in New Zealand and the effect of abiotic and biotic factors 

on these communities, ii) determine the beneficial impact of these communities on grapevine growth 

and health, and iii) determine the effect of vineyard management practices on these communities. 

Denaturing gradient gel electrophoresis (DGGE) and trap cultures were used to characterise 

the AMF communities colonising different grapevine rootstocks. Root materials from three vineyards 

were analysed by DGGE and used in trap cultures for AMF recovery. This is the first study to identify 

the AMF community associated with grapevine in New Zealand and trap cultures allowed the recovery 

of six AMF spore morphotypes that belonged to Ambispora sp., Funneliformis sp., Glomus sp. and 

Claroideoglomus sp. Fifty-four of the eighty sequenced DGGE bands from root samples were AMF. The 

aligned sequences were assigned to Glomus spp., Rhizophagus spp. and Claroideoglomus spp. The two 

complementary techniques (DGGE and trap culture) also showed that the rootstock cultivar was the 

main driver of the arbuscular mycorrhizal community colonising the roots, therefore a rootstock can 

select a particular AMF community to form a mutualism with, from the diverse community present at 

a site. Site soil factors such as soil type, pH, soil moisture, soil organic matter, carbon and nitrogen 

content also had a significant (p < 0.05) effect on the AMF community, probably since these factors 

affect the community present in the soil at that particular vineyard which are then available for a 

rootstock to form a symbiosis with.   
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¢Ƙƛǎ ǎǘǳŘȅ ƛǎ ǘƘŜ ŦƛǊǎǘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ 

grapevine rootstock growth parameters using whole communities as inoculum. The findings revealed 

that overall a grapevine rootstock cultivar grew better with the AMF community selected by that 

particular rootstock than when it is grown with the AMF community of another rootstock cultivar. This 

indicated that the rootstock selects an AMF community which is more beneficial to its growth and this 

is probably related to improved nutrient uptake. This study also showed that AMF spore diversity and 

the relative abundance of certain species is an important factor as when present in equal abundance 

competition between species could occur resulting in a reduction in the positive growth outcomes. 

Moreover, the AMF communities had a significant (p < 0.05) direct effect by increasing plant biomass 

and nutrient uptake and indirectly by influencing the production of hormones and the chlorophyll 

content in grapevine leaves through the increase of specific nutrients such as K, Mn and Zn. The 

findings also indicated that due to the presence of different species in the different communities, 

some AMF species may deliver particular benefits to grapevine plants. 

¢ƘŜ ŜŦŦŜŎǘ ƻŦ !aC ƻƴ ōƭŀŎƪ Ŧƻƻǘ ŘƛǎŜŀǎŜ ǿŀǎ ŀƭǎƻ ƛƴǾŜǎǘƛƎŀǘŜŘ ƛƴ ŀ ΨƘƻƳŜΩ ŀƴŘ Ψŀǿŀȅ 

experiment using commercial grapevine rootstocks. The study produced limited evidence that AMF 

treatments lowered disease incidence and severity in vines and that the presence of high disease 

incidence may have limited the effect of AMF community. However, despite the high disease incidence 

and severity AMF inoculation was seen to result in an increase in vine growth parameters by 60% to 

80% compared to the vines inoculated with the pathogen only.  

This study was also the first to provide a comprehensive analysis of the community 

composition and structure of AMF associated with grapevine roots in both conventional and organic 

systems in New Zealand using high-throughput next generation sequencing (Illumina Miseq). The 

identified AMF species/genera belonged mainly to Glomeraceae and Claroideoglomeraceae followed 

by Diversisporaceae, Paraglomeraceae, Archaeosporaceae and Gigasporaceae. The outcomes also 

revealed a significant (p < 0.05) difference in AMF alpha diversity in management practices and in the 

interaction effect between the rootstock and the management practices. However, no significant (p > 

0.05) difference on AMF beta diversity was observed in any of the studied factors.  

Overall, this study revealed that by using complementary techniques a comprehensive 

identification of AMF communities associated with grapevines in New Zealand was done. The major 

outcome was that rootstock plays a key role in the selection of taxa in their mutualism with AMF. 

aƻǊŜ ǊŜǎŜŀǊŎƘ ƻƴ ǘƘŜ ΨƘƻƳŜΩ ŎƻƳƳǳƴƛǘƛŜǎ Ƴŀȅ ǳƴŎƻǾŜǊ ŀŘŘƛǘƛƻƴŀƭ ōŜƴŜŦƛǘǎ ǘƻǿŀǊŘǎ ǘƘŜ ƎǊŀǇŜǾƛƴŜ 

from the selected AMF community.  This study has increased knowledge of the ecosystem services 

they provide which will benefit the wine growers and the viticulture industry.  

Keywords: arbuscular mycorrhizal fungi, black foot, colonisation, community, conventional, DGGE, 

Grapevine, Illumina Miseq, organic, rootstocks, trap culture, trypan blue, vineyards. 
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Chapter 1 

Introduction 

  Viticulture industry in New Zealand 

 History 

The early history of the wine industry in New Zealand is uncertain. However, it is 

known that in 1819, Marsden introduced the grapevine and that Busby produced wine on his 

Waitangi estate in 1833 (Wassilieff 2008). The French settlers planted small vineyards at 

Akaroa in the South Island in the early 1840s (Dalley 2008).  The oldest winery was established 

in 1865 and is located at the Mission Vineyards in Green Meadows, Hawke's Bay (Care 2016). 

Until the 20th century, grape growing was mainly limited to the warm northern half of the 

North Island of New Zealand. By the 19th century, settlers had managed to grow wine grapes 

in many regions in the southern North Island and South Island, but few grapes were grown 

ǎƻǳǘƘ ƻŦ IŀǿƪŜΩǎ .ay until the 1970s (Wassilieff 2008). The government ran a viticulture 

research station at Te Kauwhata, in the Waikato, from 1901 until the 1980s. In the 1960s, 

government viticulturalists advised that the South Island was unsuitable for growing wine 

grapes. However, some people chose to ignore this advice and during 1970s and 1980s 

suitable grape varieties were planted in South Island regions resulting in the production of 

award-winning wines. Thirty years ago, there were less than 100 New Zealand wineries; today 

the numbers have increased to >670 (Care 2016).   

 For wine production, the first reliable statistics were in 1916 when 85 000 gallons 

(386 000 litres) of wine was produced. By the end of the second World War, wine production 

had increased rapidly from 174 000 gallons to 1 500 000 gallons (6.8 M litres) in 1964 

(Wassilieff 2008). In 1957, a selected Committee of the House of Representatives studied the 

needs of the wine-making industry and through their recommendations they guided the 

industry's development in its legal aspects. Since 1955, the annual consumption of wine has 

increased to more than 3 litres per head per year. Imported wines, now highly priced, occupy 

a very small quantum in the New Zealand market, with four bottles of local wine being 

consumed for every one imported. In 1985, the government moved to remove barriers 

against overseas wines, allowing Australian wineries to compete in the New Zealand market 
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on an equal footing by 1990 (Care 2016). This action caused heavy loss of domestic market 

share and winemakers responded by launching a more sustained export drive. The value of 

New ZeaƭŀƴŘΩǎ ǿƛƴŜ ŜȄǇƻǊǘǎ Ƙŀǎ ŜƴƭŀǊƎŜŘ ŦǊƻƳ Ϸb½му Ƴƛƭƭƛƻƴ ƛƴ мффлΣ ǘƻ ϷмΦфн ōƛƭƭƛƻƴ ƛƴ нлнл 

(NZW report 2020).     

 Grapevine plant 

Grapevines are deciduous woody climbing vines belonging to the genus Vitis. Their 

stems can reach 35 metres in length but are pruned back to 1ς3 metres when cultivated 

(Figure 1.1). They climb via tendrils (Lebon et al. 2004). The young shoots and leaves are 

greyish white or pale brown. The mature leaves are green on the upper surface and pale grey 

on the lower surface, up to 17×18 cm, and are coarsely toothed. The flowers are green and 

fragrant, are self-fertilising and wind pollinated. The fruit is a spherical, pulpy berry containing 

two to three seeds, and are yellow-green, blue-black or reddish-purple when ripe, each with 

a diameter of 0.7-1.5 cm (Wassilieff 2008) (Figure 1.1). 

 

Figure 1.1. Vitis vinifera foliage and fruits in New Zealand  

(http://www.vinography.com/archives/2013/02/new_zealand_and_a_tale_of_two.html). 

In autumn (MarchςMay in the southern hemisphere) when the weather cools, their 

green leaves turn yellow and crimson, then abscise. The main time for pruning activities is 

over winter where the leafless stems and canes enter a period of dormancy. The old and 

diseased canes are removed leaving one-year canes or buds in order to produce a large 

quantity and good quality of fruit in the next growing season (Jackson & Schuster 1998). 

During spring (SeptemberςNovember) when average temperatures reach 10°C, buds swell 

then burst, and leafy shoots appear on the canes, followed by flower clusters. In this season, 

the excess shoots are also removed from the trunk or canopy. During summer, shoots grow 

rapidly, and fruit develops and starts to ripen. Fruit is harvested from late February for early-

ripening varieties, through to mid-May for late-ripening grapes (Wassilieff 2008). 

  Grape Varieties 

Currently most cultivars grown in New Zealand are cultivars of Vitis vinifera, the 

European wine grape. But between 1900 and 1970, a North American grape, Vitis labrusca, 

ŀƴŘ ƘȅōǊƛŘǎ ƻŦ !ƳŜǊƛŎŀƴ ŀƴŘ 9ǳǊƻǇŜŀƴ ƎǊŀǇŜǎ ŘƻƳƛƴŀǘŜŘ bŜǿ ½ŜŀƭŀƴŘΩǎ ǾƛƴŜȅŀǊŘǎΦ ¢ǊǳŜ V. 

http://www.vinography.com/archives/2013/02/new_zealand_and_a_tale_of_two.html
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vinifera have tendrils after every 3rd leaf and V. labrusca has tendrils from every node. 

Cultivated hybrids, referred to as V. labruscana, have intermittent tendrils (Jackson 2008; 

Wassilieff 2008). Only about 50 grape cultivars, out of more than 8,000 known cultivars, are 

grown in New Zealand. In the 1970s and early 1980s, Müller-Thurgau and Cabernet Sauvignon 

were the leading varieties (Care 2016). According to the New Zealand Winegrowers report 

(2020), Sauvignon Blanc is now the most common type planted (25,160 hectares), followed 

by Pinot Noir (5,573 hectares), Chardonnay (3,211 hectares), Pinot Gris (2,455 hectares) and 

Merlot (1,271 hectares).  

¢ƘŜ ƎǊŀǇŜ ǇǊƻŘǳŎǘƛƻƴ ŀǊŜŀ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ƛƴ bŜǿ ½ŜŀƭŀƴŘ ǎƛƴŎŜ ǘƘŜ мфтлΩǎ ŀƴŘ ƛƴƛǘƛŀƭƭȅ 

most plantings were ungrafted Vitis vinifera varieties that were highly susceptible to grape 

phylloxera. Although this pest has been present in New Zealand since the 1880s, it only 

became a widespread problem since 1978, resulting in a severe decline of vines (Care 2016). 

For this reason, most vines in New Zealand are now grafted on rootstocks that are resistant 

or tolerant to phylloxera. Grafted vines have been widely used in all areas except Central 

Otago, since phylloxera is not considered as a serious threat in this area due to cold winters. 

Rootstock selection is one of the most important factors contributing to yield and quality. A 

wide range of rootstock cultivars are available in New Zealand. The most common are 101-

14, 5C, Schwarzmann, Riparia Gloire and 3309. Rootstock cultivar 101-14 was very common 

but since it is considered susceptible to black foot disease others have become more popular 

(Wickham & Clarke 2004). 

The New Zealand grape growing area is distributed across both islands. As stated by 

the New Zealand Winegrowers annual report (2020), the South Island is the largest 

production area with 84.0%, with the North Island being 21.0% of the production area. 

Marlborough is a well known wine producing region and is considered to be the centre of the 

New Zealand wine industry because it represents 70.0% (24 020 hectares) of the total grape 

ǇǊƻŘǳŎǘƛƻƴ ŀǊŜŀ ŦƻƭƭƻǿŜŘ ōȅ IŀǿƪŜΩǎ .ŀȅ ǿƛǘƘ моΦл҈ όп тпп ƘŜŎǘŀǊŜǎύόCƛƎǳǊŜ мΦнύ. 
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Figure 1.2. Percentages and production area for the wine industry in New Zealand (NZW annual report 
2020, https://www.nzwine.com/media/15543/2020-vr-snapshot-national.pdf). 

 Plant-microbe interactions 

Microbial interactions with plants can be both endophytic and epiphytic, and also with 

the neighbouring environment and soil in the region associated with the plant roots (Bulgarelli 

et al. 2013; Vorholt 2012). The plant-microbe interaction can be beneficial, neutral, or 

parasitic which directly influences plant growth, health, and development (Newton et al. 

2010). Many diseases limit the production of grapevines worldwide and in New Zealand. The 

growth of the New Zealand wine industry in size and geographic distribution has led to an 

increase in the number of observations of grapevine trunk disease symptoms (Sosnowski & 

Mundy 2019). Grapevine trunk disease can be caused by a number of different pathogens, 

including Botryosphaeriaceae species, Eutypa lata, Phaeomoniella chlamydospora, 

Phaeoacemonium spp. and wood rotting basidiomycetes such as Fomitoporia punctata 

(Gramaje et al. 2018). In New Zealand, Botryosphaeriaceae species are considered serious 

pathogens of grapevines, with Neofusicoccum parvum and N. luteum being the most 

prevalent (Baskarathevan et al. 2012; Billones-Baaijens et al. 2014). Botryosphaeriaceae 

species overwinter in diseased woody parts of vines, with pycnidia developing throughout 

rainy periods in spring and autumn. Mechanical injuries such as pruning wounds are the 
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suspected entry points for tissue infection. The botryosphaeriaceous fungi can cause decline, 

dieback and death of grapevines. As for the control measurements, large pruning cuts should 

not be made in wet weather and the dead wood from the vineyard should be burned for good 

hygiene measures (Gramaje et al. 2018). Grapevine root diseases can cause whole plant losses 

in vineyards. Black foot disease, caused by Cylindrocarpon spp., Dactylonectria spp. and 

Ilyonectria spp. (Úrbez-Torres et al. 2013), is one of the main grapevine root diseases 

observed worldwide and especially in New Zealand (Pathrose et al. 2014). It is a commonly 

identified as a disease of young vines (Petit & Gubler 2006). These pathogens can persist as 

resting spores (chlamydospores) or mycelium in rotten root fragments in the vineyard soils 

even after fruit or forestry host trees are removed (Brown et al. 2013). When vine roots 

encounter the fungus, infection can occur through root wounds or incompletely callused 

trunk bases and is especially prevalent in wet soils (Gubler et al. 2015; Maluta & Larignon 

1991; Probst et al. 2019). In New Zealand vineyards, grass grub larvae damage may provide 

wound sites for black foot or other root rot pathogens (Mundy et al. 2005). One of the best 

ways to control the disease is correct planting site preparation. 

Many plant-associated microorganisms are beneficial to plants and have positive 

impacts on plant growth (Farrar et al. 2014). This beneficial interaction develops a cooperative 

relationship that can improve the host plant resistance to a wide variety of stresses, including 

diseases, drought, salinity, heavy metals, toxins, nutrient stresses, and extreme temperature 

(Imam et al. 2016). These interactions also help to maintain or enhance crop productivity at 

low input costs. With regards to plantςmicrobe interactions, two symbiotic systems have 

been widely studied; the mycorrhizal symbiosis and the root nodule symbiosis (Kistner & 

Parniske 2002). Studies have shown that these two symbiotic systems is of great importance 

since they impact the productivity and health of a wide range of crop plants (Finlay 2008; 

Kistner & Parniske 2002). Most land plants form symbiotic associations with mycorrhizal 

fungi. These mycorrhizal fungi play a key role in terrestrial ecosystems; they live inside the 

cortex of plant roots, on the surface of the root, or around the epidermal cells of the root 

(Heijden et al. 2015). The hyphae of these fungi grow out from the roots into the soil where 

they search for nutrients that are limiting for plant growth, especially nitrates and phosphates 

(Read & Perez-Moreno 2003). These nutrients are then delivered to their host plants in 

exchange for carbohydrates (Smith & Read 2008), and fatty acids as recent studies showed 

(Luginbuehl et al. 2017; Xu et al. 2017). Four major mycorrhizal types have been studied based 
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on their structure and function, namely arbuscular mycorrhiza (AM), ectomycorrhiza (EM), 

orchid mycorrhiza and ericoid mycorrhiza (Wagg et al. 2014). The arbuscular mycorrhizal (AM) 

symbiosis is the most widespread type of interaction between plants and microbes (Bonfante 

& Genre 2010). As will be described in the following sections, AM fungi form one of the most 

widespread beneficial interactions between plants and microorganisms and can establish 

symbiotic associations with grapevine roots, the focus of this study. 

 Arbuscular mycorrhizal fungi background 

Arbuscular mycorrhizal fungi (AMF) are soil-borne fungi that can significantly improve 

plant nutrient uptake and resistance to several abiotic stress factors (Xu et al. 2017). They are 

obligate biotrophs that can form a symbiotic interaction with more than 80% of all land plant 

families by colonizing their root (Remy et al. 1994; Smith & Read 2010). AMF depend on plant 

photosynthetic products (Kiers et al. 2011; Bonfante & Genre 2010) and lipids to complete 

their life cycle (Xu et al. 2017). The root colonization process starts from propagules existing 

in the soil which include mature spores, mycorrhized root fragments or neighbouring 

mycorrhized plants. AMF hyphae generally do not have septa and can extend either extra or 

intraradically (Smith & Read 2008). Intraradical mycelium produces tree-like or branched 

structures inside the cortical cells called arbuscules. Some AMF species also form large 

globular intraradical cells called vesicles that provide a reservoir function. Even though 

arbuscules are considered specific structures of arbuscular mycorrhizal symbiosis there are 

other structures formed by AMF such as intracellular hyphal coils that may occur without the 

presence of arbuscules (Silvana et al. 2020). The spores of AMF are asexual, multinucleated 

and produced directly by the mycelium, both inside and outside the root  (Smith & Read 

2008).  

This mutualistic association is based on biotrophic nutrient exchanges between the 

plant and the fungi (Koltai & Kapulnik 2010). The host plant supplies the fungal partner with 

carbon (C) while the AMF increase the capacity of the plant to get nutrients and water from 

the soil (Smith & Read 2008). Nutrients are mostly transferred to the host at the biotrophic 

interface in cortical cells where arbuscules are developed (Trouvelot et al. 2015). Mycorrhiza 

help stimulating organic matter decomposition (Heng et al. 2016) and soil nutrient dynamics 

(Herman et al. 2012). Even though AMF are not considered to be host specific, their effect on 

plants can differ between species and isolates. For example, in the presence of heavy metals, 
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Glomus versiforme was shown to increase mineral nutrient uptake of Sorghum bicolor and 

Zea mays to a greater extent than Funneliformis mosseae (synonym Glomus mosseae) (Guo 

et al. 2013). In contrast, F. mosseae was more efficient in protecting petunia plants from 

disease symptoms caused by the root pathogen Thielaviopsis basicola than Rhizophagus 

irregularis (synonym Glomus intraradices) (Hayek et al. 2012).  

 Arbuscular mycorrhizal fungi identification 

Arbuscular mycorrhizal fungi can influence plant diversity and ecosystem productivity 

(Heijden et al. 2015). Despite their considerable ecological significance, these fungi are still 

not well understood and the phylotaxonomically reliable sequence data are still limited. Some 

of these problems were recently addressed by taxonomic revisions (Oehl et al. 2011). 

The identification of AMF has mainly relied on microscopic observations of spores 

(Figure 1.3) collected from soil (Lee et al. 2006). This classical characterization based on the 

structure of the spores has limitations because of limited morphological differentiation. In 

Ƴŀƴȅ ǎǘǳŘƛŜǎ ƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ƪƴƻǿ ǘƘŜ !aC ƛŘŜƴǘƛǘƛŜǎΣ ōǳǘ ŜǾŜƴ ΨƳƻŘŜƭ !aCΩ ǿŜǊŜ ǎƘƻǿƴ 

to be misclassified (Stockinger et al. 2010) because of their obligate symbiotic, asexual and 

obscure behaviour in soil and roots. Some AMF species form more than one spore 

morphotype, and several cryptic taxa with overlapping spore morphologies have been 

uncovered as a result of DNA sequence analyses (Krüger et al. 2011). In contrast to spores in 

soil, hyphae colonizing the root are an active part of the fungus involved in the 

interconnection between the plant and the soil environment. However, hyphae in roots 

cannot be identified to species level based on morphological characteristics. In recent years, 

molecular techniques have been used to study phylogenetic relationships and genetic 

variations of AMF. The internal transcribed spacer (ITS) region of the rDNA has been used as 

a tool for identification of AMF to species level (Redecker et al. 2013). 

 

Figure 1.3. Size and characteristics of spores of different Arbuscular Mycorrhizal Fungal species 
(Trouvelot et al. 2015). 

Picture can be found at this link: 

 https://link.springer.com/article/10.1007/s13593-015-0329-7 
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Molecular techniques were also been developed in order to identify AMF colonizing 

roots. These molecular methods allow the identification of hyphae within roots using AMF 

specific PCR primers targeting the rDNA regions (Lee et al. 2006). The specificity of primers is 

an important factor for molecular identification of AM fungi within roots. Primer sets such as 

AML1/AML2 aid in the amplification of most of the fungi belonging to Mucoromycota phylum, 

Glomeromycotina subphylum (Spatafora et al. 2016) and exclude DNA of other organisms 

such as plant, bacteria and other fungi inhabiting roots, suggesting high specificity of the 

primers (Lee et al. 2006). The molecular identification of AM fungal species colonizing roots 

should also include the morphological and molecular identification of spores as it is important 

to obtain both morphological and molecular data of spore for a complete identification of the 

fungi colonising the roots (Goswami et al. 2018). In a more recent study conducted by Krüger 

et al. (2011), the phylogenetic analyses that were based on three rDNA markers (SSU-ITS-LSU) 

showed a reliable and robust resolution from phylum to species level. Therefore, their study 

provides a reference data set for molecular systematics and environmental community 

analyses of AMF, including analyses based on deep sequencing (Krüger et al. 2011). 
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 Arbuscular mycorrhizal fungi taxonomy  

The origin of AM symbiosis belongs to the early Devonian period, approximately 400 

million years ago. The majority of AMF species belong to the sub-phylum Glomeromycotina, 

of the phylum Mucoromycota (Spatafora et al. 2016). Four orders, namely, Glomerales, 

Archaeosporales, Paraglomerales, and Diversisporales, have been identified in this sub-

phylum which further include 25 genera (Redecker et al. 2013). According to Krüger et al. 

(2011), members of the Glomerales are currently divided into two families: Glomeraceae and 

Claroideoglomeraceae. The Glomeraceae family contains four genera: Glomus, Funneliformis, 

Rhizophagus and Sclerocytis. The Claroideoglomeracea family contains species of the 

Claroideoglomus genus. Diversisporales order include two families Gigasporaceae and 

Acaulosporacea. The family Gigasporaceae contains Gigaspora, Scutellospora and Racocetra 

(Oehl et al. 2011; Morton & Msiska 2010). Acaulosporacea currently consists of 39 

Acaulospora species based on sequence data (Kaonongbua et al. 2010). The Archaeosporales 

order, based on sequencing data, consists of 15 Ambispora spp., five Archaeospora spp. and 

Geosiphon pyriformis. Paraglomerales order contains three described Paraglomus species, 

Paraglomus brasilianum, Paraglomus laccatum and Paraglomus occultum (Krüger et al. 

2011). 

 AMF diversity in New Zealand 

¢ƘŜǊŜ ƛǎ ǎǘƛƭƭ ŀ ǇƻƻǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ !aC ŘƛǾŜǊǎƛǘȅ ŀƴŘ ŦǳƴŎǘƛƻƴ ƛƴ bŜǿ ½ŜŀƭŀƴŘΩǎ 

ecosystems. Studies in the 1970s focussed on the morphological identification of AMF species 

in New Zealand (Hall et al. 1977; Johnson et al. 1977; Baylis 1978). According to Buchanan 

(2012), there are currently 38 species in the Glomeromycotina subphylum identified in New 

Zealand of which two are considered naturalised and the rest have an unknown status. Some 

of these AMF species have distinctive spore morphologies and were found in coastal Otago 

forests (Hall et al. 1977), while the other extracted spores from both field and pot culture soils 

had similar morphology to those found in North America (Azcon & Ocampo 1981). Available 

data on the AMF molecular diversity in New Zealand was initially obtained through three 

published studies (Bidartondo et al. 2011; Russell et al. 2002; Russell & Bulman 2005).  These 

studies have revealed phylogenetically unique sequences that possibly represent AMF taxa 

endemic to New Zealand. The lack of AMF culture collections along with the high cost and 

technical limitations of DNA-based method have limited the experimental and the taxonomic 
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investigations of AMF in New Zealand. As mentioned previously, it is essential to have more 

knowledge about the ecological and agricultural services of AMF in New Zealand especially in 

the viticulture industry.  

 AMF role in soil stability and nutrients uptake  

A mycelial network grows out from mycorrhizal root during the development of AM. 

The latter forms a network that ramifies in the soil comprising up to 30 m of fungal hyphae 

per gram of soil (Cavagnaro et al. 2005). This network represents an important part of the soil 

microbial biomass as it can make up to 50% of the fungal mycelium in soil (Rillig et al. 2002). 

The production of glomalin-related soil protein by the AMF hyphal growth improves soil 

structural stability and quality (Rosier et al. 2006; Bedini et al. 2009; Bitterlich et al. 2018; 

Sharma & Kayang 2017). Conventional agronomic practices such as monoculture cropping, 

ploughing, or fertilisation have a negative impact on AMF abundance and diversity in soils, 

which results in an increased risk of soil erosion and productivity loss (Gianinazzi et al. 2010).  

The AM symbiosis plays a major role in the uptake of nutrients by many important 

crop species. Studies have demonstrated that the carbon supply of the host acts as a major 

trigger for phosphate (P) and nitrogen (N) transport in the AM symbiosis (Bücking & Kafle 

2015; Fellbaum et al. 2014; Kiers et al. 2011; Wang et al. 2012). The mycelium of the fungus 

acts as an extension of the root system and increases the uptake of P, N, sulphur, and 

magnesium, and also of trace elements, such as copper and zinc (Bücking & Kafle 2015; 

Trouvelot et al. 2015). It has been estimated that inoculation with AMF reduces, by 80%, the 

amount of phosphate fertiliser required under field conditions. AMF inoculation reduces the 

amount of phosphate fertiliser required and such reduction have positive impacts on the 

economy and the environment (Jansa et al. 2019; Sato et al. 2018).  

The effective P acquisition by mycorrhizal hyphae is influenced by many mechanisms. 

Hyphal diameter is 3-т ˃ƳΣ ŀ ŘƛŀƳŜǘŜǊ ǎƳŀƭƭŜǊ ǘƘŀƴ Ǌƻƻǘ ƘŀƛǊǎ ŀǘ р-нл ˃Ƴ ǿƘƛŎƘ Řecreases 

the potential soil pore size for exploration (Campos et al. 2018). This means that more soil is 

utilized for P uptake per unit hyphae surface area than per unit root surface area. This is 

coupled with the longer length of hyphae increasing the volume of soil explored, expanding 

the spatial availability of P as well as augmenting the surface area for nutrient absorption 

(Ganugi et al. 2019). Moreover, hyphae form polyphosphates internally in order to maintain 

a low phosphate concentration that helps in establishing a concentration gradient. 
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Consequently, plants can compete efficiently with the microbial biomass for mineralized P 

and reduce the amount of mineralized P that is adsorbed in soil (Schneider et al. 2019; 

Clausing & Polle 2020). It was also demonstrated that AMF hyphae exhibit phosphatase 

activity where AMF hydrolyse phytate and increase plant P uptake (Joner & Johansen 2000; 

Wang et al. 2017). Koide & Kabir (2000) showed that the hyphae of Rhizophagus irregularis 

(synonym Glomus intraradices) utilized phytate resulting in the transport of the released P to 

roots.  

 Role of AMF to protect plants from abiotic and biotic stresses. 

Abiotic stresses like drought, salinity and heavy metals cause considerable losses to 

agricultural productivity in many parts of the world (Ganugi et al. 2019). AMF have been 

recognised as enhancing plant tolerance to abiotic stress conditions (Smith & Read 2008; 

(Kulkarni et al. 2018; Plouznikoff et al. 2016). Their manipulation in sustainable agricultural 

systems is very important for crop productivity under severe edapho-climatic conditions 

(Gianinazzi et al. 2010). It was observed that an indigenous drought-tolerant strain of 

Rhizophagus irregularis (synonym Glomus intraradices) associated with a native bacterium 

contributed to a 42% reduction in the water required to produce Retama sphaerocarpa 

(Marulanda et al. 2006). In a recent study, inoculation with F. mosseae significantly increased 

biomass production of wheat cultivars and improved water use efficiency. It also helped to 

reduce oxidative damage in the roots by accumulation of compounds known to play an 

antioxidative role (Bernardo et al. 2019). AMF symbioses alleviate osmotic stress by 

influencing the expression of specific genes which are involved in the biosynthesis of 

osmolytes (Evelin et al. 2009). As for heavy metal contaminated soils, AMF inoculation can 

enhance plant tolerance to industrial contamination of soils by metals (DalCorso et al. 2019; 

Maji et al. 2017). Through their mycelium network, AMF not only improve soluble inorganic 

Pi (HPO42-) uptake by roots but also through their buffering effect on cadmium uptake, 

reducing the toxic effect of cadmium on plant growth (López-Millán et al. 2009). 

Krishnamoorthy et al. (2019) reported that AMF aided in the phytoremediation process in a 

site contaminated by heavy metals through enhancing plant stress tolerance, and extracting 

and immobilizing metals from the soil. 

Biotic stress is also a major threat generating high yield losses in cultivated crops. 

Conventional agriculture has been dependent on the use of pesticides to limit the spread and 
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damage caused by pests. These pesticides are only partially effective against soil borne 

diseases and cause environmental and health problems (Gianinazzi et al. 2010). Therefore, 

numerous studies have focussed on the use of AMF as potential biological control agents for 

plant diseases and their beneficial effects in increasing plant tolerance to biotic stress caused 

by soil borne pathogens (Bagy et al . 2019; Mustafa et al. 2017). Inoculation of spring wheat 

(Triticum aestivum L.) with F. mosseae reduced pathogen incidence, which contributed to an 

increase in shoot dry weight and seed yield (Behn 2008). Moreover, AMF induced a defence 

response against Xanthomonas translucens where genes and proteins played a regulatory 

role in the plant immune system (Fiorilli et al. 2018). Mustafa et al. (2017) emphasized on the 

importance of taking into account the inoculum type when considering the use of AMF as 

biocontrol agents. A study on the effects of different AMF inocula on Blumeria graminis sp. 

tritici showed that the highest protection level against the pathogen was obtained with F. 

mosseae (74%), followed by Solrize (58%) a commercial mix of Glomus sp. and R. irregularis 

(34%), resulting in a reduction in the number of conidia with haustoria and an accumulation 

of polyphenolic compounds at the infection sites. A similar positive result was also observed 

in another study (Mustafa et al. 2017) with the same fungus (F. mosseae) on powdery mildew. 

In other studies, it was observed that even though the plant may not be very responsive to 

AM fungal colonisation in terms of plant growth (Smith et al. 2009), it clearly benefited from 

mycorrhization when challenged with root pathogens such as Fusarium oxysporum f. sp. 

radicis-lycopersici, Rhizoctonia solani, Phytophthora parasitica etc. This means that although 

there was not an immediate positive effect on plant growth and yield, mycorrhization was 

beneficial in reducing disease development and pathogen populations in the soil (Talavera et 

al. 2001; Utkhede 2006), hence maintaining productivity. Overall, the higher tolerance of 

mycorrhizal plants to root pathogens provides bioprotection as an ecosystem service for 

sustainable agriculture, especially since this can be active against a wide spectrum of 

pathogens (Gianinazzi et al. 2010). 
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 AMF interaction with grapevines 

AMF establish symbiotic interactions with grapevine roots (Holland et al. 2013).  

Studies showed that inoculating grapevines with AMF lead to enhanced growth rate, nutrient 

uptake as well as drought tolerance (Boutasknit et al. 2020; Nogales et al. 2018; Schreiner et 

al. 2007)c compared to the non-inoculated grapevines (Karagiannidis et al. 2007; Nogales et 

al. 2018). It has also been reported that plant age, plant genotype, soil properties and cultural 

practices can affect AMF community composition and diversity (Gianinazzi et al. 2010). 

Previous studies demonstrated that AMF isolates in vineyard soils and in grapevine roots were 

mostly dominated by Glomus species (Balestrini et al. 2010; Lumini et al. 2010), but in other 

research it was observed that Paraglomus/Archaeospora and Scutellospora species were also 

grapevine root colonisers (Schreiner & Mihara 2009). However, a detailed perspective of the 

AMF communities that colonise grapevines is still incomplete. This can be explained as most 

studies have used different methods or have been carried out under controlled and small-

scale experiments.  

Grapevine functioning and wine quality is essentially dependent on plant nutrition. 

The root architecture of grapevines is described as having low density and large diameter fine 

roots (Smart et al. 2006). Thus, AMF mycelium increases the exploitable soil volume (Smith & 

Read 2008) allowing sufficient uptake of water and nutrients such as phosphate (Schreiner 

2005). In New Zealand vineyards phosphorus deficiency is usually rare due to its presence in 

major vineyard soils from bark, wood and roots at periods of high P demand (Jackson 2008). 

Yet, phosphorus deficiency has been reported in vineyards in Australia (Tulloch & Harris 

1970), France (Champagnol 1978), Germany (Gärtel 1965), and the USA (Cook et al. 1983). 

Previous experiments showed that AM colonization is favoured in soil with low levels of soil 

fertility in particular phosphorus (Smith & Read 2008). Even though the role of N in AM 

symbiosis is not as clear as that of P, it is also one of the important elements for vine 

development and grape composition (Bauer et al. 2012). For example, the quality of white 

wine (Sauvignon Blanc) was observed to be low in vineyards with low nitrogen availability 

(Choné et al. 2006). AMF are able to take up both NO3
ҍ and NH4

+, as well as organic N 

(Gachomo et al. 2009). However, a reduction in AMF colonization is observed in grapevines 

with high levels of N and P (Schreiner 2005). For example, foliar application of P was linked to 

low AMF colonization in Oregon vineyards (Karagiannidis et al. 2007). Furthermore, grapevine 
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N fertilization negatively affected the AMF colonization and, in turn, affected berry 

composition (Karagiannidis et al. 2007).  

AM symbiosis also helps to reduce the negative impacts of biotic and abiotic stresses 

on different crop varieties, including grapevine plants. For example, most of the widely grown 

grapevine varieties are susceptible to cryptogamic diseases such as downy mildew leading to 

high yield losses. When the plant is colonized by AMF it can develop a defensive capacity 

against disease. For example, pre-inoculation of the North American grapevine, Vitis rupestris 

Scheele, at the nursery stage with Rhizophagus irregularis, helped prevent black foot disease 

(Cylindrocarpon macrodidymum), both in the nursery and in the vineyard (Petit & Gubler 

2006). In New Zealand, Bleach et al. (2008) studied the effect of two arbuscular mycorrhizae: 

F. mosseae and Acaulospora laevis on young plants of different rootstock varieties in relation 

ǘƻ ǘƘŜƛǊ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ǘƻ ǘƘǊŜŜ Ψ/ȅƭƛƴŘǊƻŎŀǊǇƻƴΩ spp. previously inoculated into the nursery 

soils. Both mycorrhizal fungi had some beneficial effects, with those of F. mosseae being more 

consistent than A. laevis. After 9 months in the field, treated plants had significantly increased 

root biomass (21.4% in Auckland and 22.0% in Blenheim) but did not have decreased infection 

incidence. Halleen et al. (2006) also suggested that soil amendments with Trichoderma spp. 

and mycorrhizae could effectively enhance plant resistance and thereby reduce disease 

incidence or severity. In other terms, this άƳȅŎƻǊǊƘƛȊŀ-ƛƴŘǳŎŜŘ ǊŜǎƛǎǘŀƴŎŜέ όaLwύ Ƴŀȅ ǇǊƻǾƛŘŜ 

systemic protection against a wide range of biotrophic and necrotrophic pathogens, 

nematodes, and herbivorous arthropods (Cameron et al. 2013). Therefore, AMF can suppress 

or reduce plant pests and diseases through the induction of systemic resistance (Pineda et al. 

2010). A recent review by Trouvelot et al. (2015) gives a better understanding of the impact 

of biotic and abiotic factors on AMF composition and shows that most of the conducted 

studies on AMF show they can contribute to enhanced wine quality and production 

throughout the ecosystem benefits they can provide. 

Grapevines are also subject to agricultural practices such as soil management, weed 

vegetation cover and pests that contribute to their development and production (Trouvelot 

et al. 2015). For instance, using pyrosequencing of soil-derived DNA to analyse AMF 

communities, researchers found that tilled vineyard soil were colonised with a higher diversity 

of AMF compared with that in non-tilled vineyard soil covered with vegetation (Lumini et al. 

2010). This field of research needs further study because it is still not known whether tillage 

at the soil surface would affect AMF communities active in the roots which grow relatively 
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deep in the soil (Trouvelot et al. 2015). On the other hand, a study showed that selected 

neighbouring weeds (Plantago lanceolata L. and Tanacetum cinerariifolium) could influence 

the formation of arbuscular mycorrhiza in grapevine (Radic et al. 2012). This study revealed 

that herbaceous weed species could promote a different set of dominant mycorrhizal fungi, 

potentially providing a wider spectrum of these fungi for colonizing grapevine roots. Another 

cultural practice shown to have a negative impact on AMF community is soil fumigation. Soil 

fumigation using nematicides or biocides in grape-growing areas of California is used to 

reduce disease problems caused by soil-borne pests (Menge et al. 1983). This method was 

shown to decrease the diversity of AMF species to the extent that efficient colonizers of 

grapevine roots are eliminated from the AMF community (Cheng & Baumgartner 2004). 

Although AMF have been shown to have potentially significant applications for 

sustainable agricultural ecosystems, there is still a gap in knowledge regarding AMF-grapevine 

interactions in most parts of the world especially in New Zealand. In surveys on the AMF 

communities associated with Vitis vinifera, it has been reported that native AMF species are 

more effective than non-native ones (Schreiner et al. 2007, Massa et al. 2020) which means 

that is very important to know the AMF diversity present in a certain zone for a greater effect 

and possible applications for sustainable agricultural ecosystem. This research will identify 

AMF species associated with grapevines in New Zealand as well as investigating the effect of 

management and vineyard practices on these communities.  

 Identification by spore Morphology 

The identification of AMF species has mainly relied on the analysis of spore 

morphological characteristics such as colour, shape and size as well as spore-wall properties 

(Morton 1988). However, several factors such as changes in the spore wall that result from 

interactions with the environment and the difference in the sporulation patterns between 

species of AMF, often make it difficult to identify field collected spores (Rodríguez-Echeverría 

& Freitas 2006), mostly in cases where microbial activity is high. In addition, an evaluation 

solely based on the morphology of spores provides an incomplete interpretation of the 

community structure of these fungi in the environment (Hempel et al. 2007; Karaarslan et al. 

2015). A study of the AMF associated with grapevine based on spore morphology highlighted 

the dominance of species of the former genus Glomus sensu lato (Oehl et al. 2005), now 
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classified in genera such as Glomus sensu stricto, Rhizophagus, Funneliformis, 

Claroideoglomus, and Paraglomus (Krüger et al. 2011).  

 Identification using molecular techniques 

Studies of microbial communities can use both culture dependent and culture 

independent methods. Culture dependent methods have proven to not to be useful for the 

study AMF since they are obligate biotrophs and cannot be cultured without a host plant 

(Cheng & Baumgartner 2005). Therefore, pot cultures using bait plants is used in order to trap 

the AMF in the roots of target plants (Sykorova et al. 2007). Molecular techniques have helped 

overcome problems associated with morphological identification of AMF. The rapid 

development of PCR technology that can target specific AMF DNA sequences, the majority 

being ribosomal RNA (rDNA) genes. Molecular techniques have provided a useful means of 

characterizing AMF to enhance our understanding of the phylogeny (Schüßler et al. 2001), 

ecology (Hodge et al. 2010), and evolution (Kuhn et al. 2001) of this group of fungi. Simon et 

al. (1992) initiated molecular identification of AMF. Since then and after the development of 

primers with improved specificity to the glomalean SSU rRNA gene (Hodge et al. 2010; 

Redecker et al. 2000), a number of PCR-based methods and Next generation sequencing have 

been applied to AMF, including denaturing gradient gel electrophoresis (DGGE) (De Souza et 

al. 2004; Liang et al. 2008), pyrosequencing (Öpik et al. 2009; Stockinger et al. 2010) and 

Illumina Miseq (Lumini et al. 2010; Van Geel et al. 2014) platforms. 

1.3.2.1. Denaturing gradient gel electrophoresis 

Denaturing gradient gel electrophoresis fingerprinting approach (DGGE) has been 

used to analyse AMF communities, allowing detection of these fungi in the root systems of 

plants, in soil samples or even in a spore bank (Kowalchuk et al. 1997). DGGE is a culture 

independent method that was first used for studying environmental bacterial communities in 

1993 (Muyzer et al. 1993) and fungal communities in 1997 (Kowalchuk et al. 1997). DNA is 

extracted from soil samples and amplified using PCR with universal primers targeting part of 

the 18S rRNA sequences. The 5V-end of the forward primer contains a 35- 40 base pair G-C 

clamp to ensure that at least part of the DNA remains double stranded. This is essential so 

that separation on a polyacrylamide gel with a gradient of increasing concentration of 

denaturants (formamide and urea) will occur based on melting behaviour of the double-

stranded DNA. If the GC-clamp is absent, the DNA would denature into single strands. On 
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denaturation, DNA melts in domains, which are sequence specific and will migrate 

differentially through the polyacrylamide gel (Strathdee & Free 2013). Theoretically, DGGE 

can separate DNA with one base-pair difference (Carmona et al. 2012).  

Kowalchuk et al. (1997) was the first study that used DGGE to assess AMF diversity in 

sand dune soil and root samples. Other studies used DGGE to detect AMF in forest and 

grassland soil (Grilli et al. 2015; Öpik et al. 2003), agricultural ecosystems (Islam et al. 2020), 

and for the discrimination of AMF species (De Souza et al. 2004; Sarkodee-Addo et al. 2020). 

In order to obtain phylogenetic information from DGGE analysis, bands are often excised and 

the recovered DNA reamplified and separated by repeated cycles of PCRςDGGE until single 

bands are obtained for sequencing. This approach has numerous limitations (Liang et al. 

2008), including (1) the likelihood of obtaining multiple DNA sequences from a single band of 

interest (Turaki et al. 2017) due to the co-migration of different sequences in DGGE (Neilson 

et al. 2013), (2) the excision of bands that are very close to each other may be difficult, that 

can result in unusable sequences, and (3) the target length of DNA fragments (200ς500 bp) 

that may limit detailed phylogenetic analysis (Piterina & Pembroke 2013). Alternatively, the 

recovered DNA fragments from the excised bands could be cloned and sequencing performed 

on each single clone (Krishnamoorthy et al. 2015). This is more accurate but more costly. 

1.3.2.2. Illumina MiSeq sequencing  

Ultra-high-throughput amplicon sequencing using the Illumina MiSeq platform provides 

researcher with high-quality read coverage and a lower rate of inaccurate sequences 

compared to the DNA fingerprinting methods (Panneerselvam et al. 2020). It uses barcoded 

AMF primers that take advantage of the deep sequencing capacities of the Illumina MiSeq 

platform (De Castro et al. 2011). It has been used to identify AMF communities in roots and 

rhizosphere soils associated with many conventional plants such as maize, apple trees, 

seepweed and couch grass (Zeng et al. 2018; Zhu et al. 2016). These studies have 

demonstrated that the use of this platform was efficient in identifying differences in AMF 

communities is soil and root samples. There are several issues associated with Illumina Miseq 

that need to be considered when interpreting these data such as the selection of primers, 

tag-switching, chimeric reads, etcΦ !ƳǇƭƛŎƻƴǎ ǎƛȊŜ ŎŀƴΩǘ ōŜ ƭƻƴƎŜǊ ǘƘŀƴ плл ōǇ ƳŜŀƴƛƴƎ ǘƘŀǘ 

short sequences might not overlap to produce longer sequences which can be used for better 

species identification (Öpik et al. 2013). For example, the primer set AML1/AML2 (amplicon 

size 800 bp) targeting the 18S region works with DGGE and pyrosequencing but not with 
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Illumina Miseq (Van Geel et al. 2014). However, recent studies using primer set AML1/AML2 

have demonstrated that it provided better specificity and coverage to study AMF diversity 

(Panneerselvam et al. 2020; Zeng et al. 2018). Moreover, primer set NS31/AML2 (amplicon 

size 550 bp) also targeting the 18S region was found to have good results with Illumina Miseq 

when using version 2, 2 × 250-bp paired-end chemistry (Morgan & Egerton-Warburton 2017; 

Suzuki et al. 2020). Another primer set LR1/FLR2 (275 bp) targeting the 25S rRNA region of 

AMF also proved to work with the Illumina Miseq platform enabling the detection of 43 AMF 

species assigned to 17 genera (Vieira et al. 2018). 

 Aims and objectives of this research 

Viticulture is a major economic strength in many countries and grapes are considered 

one of the most widely grown fruit crops. According to the New Zealand Winegrowers report 

(2020), in New Zealand there is over 39 935 hectares of grapes in production and more being 

ǇƭŀƴǘŜŘ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǎǘǊƻƴƎ ŘŜƳŀƴŘΦ ¢ƘŜ ǿƛƴŜ ƛƴŘǳǎǘǊȅ ŎƻƴǎǘƛǘǳǘŜǎ нф҈ ƻŦ bŜǿ ½ŜŀƭŀƴŘΩǎ 

total horticultural exports and is the second largest horticultural export commodity as 

reported in the fresh facts information (2019). Even though the vineyards in New Zealand 

have been protected from many of the devastating grape pests and diseases, as the 

connection with the world expands so too does the risk of biosecurity incursions impacting 

the vineyards. Also, the biggest driver for the New Zealand wine industry is the key role of 

sustainability and investing in solving environmental issues (Santini et al. 2013) or 

YŀƛǘƛŀƪƛǘŀƴƎŀ όaņƻǊƛ ŎƻƴŎŜǇǘ ƻŦ ƎǳŀǊŘƛŀƴǎƘƛǇ ŀƴŘ ǇǊƻǘŜŎǘƛƴƎ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ 

focus should be based on the implementation of ecological management practices that 

maintain resilience of ecosystem services. This means integrating secure and sustainable 

strategies to optimise the impact of beneficial microbes, like AM fungi, on grapevine health 

and production.   

Grape production and quality is strongly dependent on soil conditions and 

composition (Renouf et al. 2010). Grapevine plants are normally mycorrhizal, establishing an 

interaction with AMF. This symbiotic partnership provides benefits to both the plant and the 

fungi. Due to difficulties in culturing and identifying AMF little is known about the AMF species 

associated with grapevines in New Zealand. Further, there is a significant knowledge gap 

regarding the potential effect of vineyard management practices on these communities and 

hence the resilience of the ecosystem services these communities provide. For these reasons, 
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the goal of this project was to i) identify the AMF communities associated with grapevines in 

New Zealand and the effect of abiotic and biotic factors on these communities, ii) determine 

the beneficial impact of these communities on grapevine health and iii) determine the effect 

of vineyard management practices on these communities. In order to achieve these aims, four 

major objectives were developed as outlined below: 

1. To isolate and identify AMF communities colonising different grapevine rootstock cultivars 

under field conditions and to study the effect of soil factors on the AMF communities 

associated with grapevine rootstocks. 

2. To investigate the beneficial effect of AMF communities on the growth and nutrient uptake 

by grapevine rootstocks under controlled conditions. 

3. To identify the effect of pre-colonisation with AMF communities on infection of grapevine 

rootstocks by black foot pathogens under controlled conditions. 

4. To identify and compare the AMF communities of Sauvignon Blanc and Pinot Noir grapevine 

varieties sampled from conventional and organically managed vineyards. 
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Chapter 2 

Effect of abiotic and biotic factors on AMF communities associated 

with different grapevine rootstocks. 

 Introduction 

AMF are an important group of soil microorganisms that can establish symbiotic 

interactions with vine roots. This symbiosis is the most widespread type of interaction 

between terrestrial plants and microbes in the context of phylogeny and ecology (Smith & 

Read 2008). Studies showed that AMF colonisation in grapevines leads to enhanced growth 

rate, nutrient uptake as well as increasing tolerance to abiotic and biotic stresses (see review 

by Trouvelot et al. 2015).  It was demonstrated that AMF communities in vineyard soils and 

in grapevine roots were mostly dominated by Glomus species (Balestrini et al. 2010; Lumini 

et al. 2010), but in other research it was observed that Paraglomus/Archaeospora and 

Scutellospora species also colonised grapevine roots extensively (Schreiner & Mihara 2009). 

However, a complete understanding of the composition of AMF communities colonising 

grapevines and of the factors affecting them is still incomplete. 

Environmental factors and host plant species impact the distribution and composition 

of AMF communities (Oehl et al. 2010; Davison et al. 2015). While AMF are generally regarded 

as nonspecific symbionts (a single fungal species can form mycorrhizal associations with 

several host plant species), preferred associations between specific fungi and plant species 

can occur in various ecosystems, including vineyards (Schreiner 2005). The assumption of low 

host plant specificity or preference in AMF has been challenged by work confirming the effect 

of host plant species on AMF community diversity and composition (Sykorova et al. 2007; 

Torrecillas et al. 2012; Ciccolini et al. 2016). Other studies have identified a relationship 

between AMF and plant ecological groups or ecosystems rather that particular plant species 

(Opik et al. 2009; Davison et al. 2012; Veresoglou & Rillig 2014). 

Changes in AMF community composition have also been linked with environmental 

factors such as soil physical, chemical and nutrient properties. Studies have shown that AM 

colonization is promoted in soil with low levels of soil fertility, in particular of phosphorus 

(Menge et al 1983; Smith et al. 2011; Battini et al. 2017). It was also found that the frequency 

of arbuscule formation in grapevine roots was more enhanced with the reduction of 
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photosynthetic capacity than to increased levels of shoot phosphorus (Schreiner & Scagel 

2017). Studies have shown that pH is a key environmental factor for shaping AMF 

communities by regulating soil nutrient availability and can directly change the physiological 

status of indigenous AMF (Hazard et al. 2013; Silva et al. 2014; Bainard et al. 2015). Several 

other studies have reported significant effects of soil Zinc (Zn) and Copper (Cu) levels on AMF 

abundance and diversity (Ban et al. 2014; Wang et al. 2015; del Mar Alguacil et al. 2016).  

Nitrogen (N) fertilisation was also found to be the main factor shaping AMF communities (Avio 

et al. 2013), while in another study it was revealed that the addition of N significantly altered 

the AMF community structure (Van Diepen et al. 2011). In vineyards, AMF enhance plant 

performance, including nutrient uptake (Schreiner et al. 2007), plant growth (Linderman & 

Davis 2001) and water use efficiency (Valentine et al. 2006). In vineyards, studies have shown 

that plant genotype can influence AMF community diversity and composition, as well as 

management practices (Gianinazzi et al. 2010; Peyret-Guzzon et al. 2016). However, the 

influence of host plants and of the environmental factors on AMF communities associated 

with grapevines is still poorly understood, especially in New Zealand. This chapter is the first 

study of AMF communities associated with commercial grapevines rootstocks in New Zealand 

and of the factors influencing their diversity and composition. This chapter addresses this gap 

in knowledge by determining (i) the AMF communities colonising different grapevine 

rootstocks, and (ii) the main abiotic and biotic factors that shape the AMF community 

diversity.  

 Materials and methods  

 Study sites 

Five vineyard sites were sampled in this study, as shown in Table 2.1. The first field 

site was in Waipara, North Canterbury at the Muddy Water vineyard. The trial was planted in 

an 8×8 Latin Square design consisting of eight rootstocks (3309, 101-14, 420A, 5C, 99R, Fercal, 

Riparia Gloire, Schwarzmann) grafted onto Pinot Noir AM 10/5 sourced from the Waipara 

±ƛƴŜ LƳǇǊƻǾŜƳŜƴǘ DǊƻǳǇ ŀǎ ǘƘŜ άǳǇǊƛƎƘǘέ ŎƭƻƴŜ a{лрллмΦ tƭƻǘǎ ŎƻƴǎƛǎǘŜŘ ƻŦ ŦƛǾŜ ǾƛƴŜǎ ƻŦ ǘƘŜ 

same rootstock/scion combination. Seven of the rootstocks in this trial were planted in 

November 1996; 420A was planted in October the following year. The trial design was made 

by complete randomisation of the vines in each bay. All rootstocks were sourced from Te 

Kauwhata Research Station and grafting was done at Ormond Nursery, Marlborough. The 
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second vineyard site was in Blenheim, Marlborough in the north-eastern tip of the South 

Island of New Zealand. In this site, four grapevine rootstocks (101-14, Schwarzmann, SO4 and 

5C) had been planted in 1999 in a 4×8 Latin Square design for rootstock evaluation purposes. 

The third field site was located at the Pernod Ricard, Camshorn vineyard in Waipara, which is 

in the North Canterbury region of the South Island, New Zealand. This site is a commercial 

vineyard site where four rootstocks (3309, 101-14, Riparia Gloire and Schwarzmann) grafted 

onto Pinot Noir and planted in three different soil types (A: Glasnevin gravels, B: Salix clays 

and C: Glenmark gravel). However, not all rootstocks are present in the three different soils 

as it was not a planned experimental site (Table 2.1). These rootstocks had been planted in 

2004.  

 

Table 2.1 Details of the rootstocks that were sampled at the different vineyard field sites. 

Rootstocks 

Brancott Vineyard/ 
Blenheim (Mother 

vines*) 

Muddy Water/ 
Waipara 

(Pinot Noir) 

Camshorn Vineyard/ Waipara 
(Pinot Noir) 

Soil type A Soil type B Soil type C 

3309  X   X 

Riparia Gloire  X X X  

420A  X    

5C X X    

101-14 X X X X X 

SO4 X    

Schwarzmann X X X  X 

Fercal  X    

99R  X    

* Rootstock only, no scion grafted onto the rootstock 

 Root and soil sampling 

Root and soil samples were collected from beneath the vines in spring/summer 2017 

at each site. In Camshorn vineyard site, ten root samples from each rootstock variety were 

collected following two sampling directions. From each of five grapevines randomly selected 

from separate bays and avoiding the end bay, a sample were collected inter-row at a distance 

of 20 cm from the grapevine trunk and a sample within row at a distance of 10 cm from the 

trunk, both at a soil depth of 15 cm. As for Muddy Water and Brancott vineyard sites, five out 

of eight bays were selected for sampling. Root samples were collected from five 

vines/rootstocks in the middle of the bay following two sampling directions as previously 

described in Camshorn site. In all vineyard sites, fine grapevine roots (2 to 3 g) were hand-

collected using sterile gloves from each vine. The inter and within row roots samples were 
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stored in separate sterile plastic bags, transported in a cool box to the laboratory and were 

ǳǎŜŘ ŦƻǊ ŜǎǘŀōƭƛǎƘƛƴƎ !aC Ǉƻǘ ŎǳƭǘǳǊŜǎ ŀƴŘ ŀ ǎǳōǎŀƳǇƭŜ ǿŀǎ ǎǘƻǊŜŘ ŀǘ ҍ улϲ/ ŦƻǊ 5b! 

extraction. From each of the randomly selected grapevines, soil samples were collected from 

four different locations around the vine from the top 15 cm using a soil corer (4 cm diameter, 

190 cm3 volume) for analysis of the soil physicochemical properties. The soils were placed into 

sterile plastic bags and transported in a cool box to the laboratory and stored at 4°C until 

processed. 

 Root and soil processing 

The weight of each root sample was recorded in order to enable the AMF species 

diversity/spore production from the pot cultures to be related to the root amount in each 

sample. Fine roots were cut into 1 cm pieces and mixed. Half of these pieces were placed in 

standard Petri dishes for air drying to be used for setting up pot cultures and the remaining 1 

cm pieces were further cut into half with each half placed into one of two 15 mL tubes 

containing 20% glycerol for subsequent DNA extraction, and the tubes stored at -80°C until 

processed (Figure 2.1). Soil samples from each rootstock cultivar from each site were bulked 

and air dried at room temperature for 48 hrs, sieved (2 mm) and used for physicochemical 

analysis. 

 

Figure 2.1 Details of the processing of the grapevine roots. (a) A representative grapevine root sample, 
illustrating the subsampling of the fine roots into 1 cm sections, with one section placed into (b) a Petri 
dish for producing pot cultures, and the remaining 1 cm section cut in half with each section placed 
into separate tubes containing 20% glycerol and used for DNA extraction. 
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 Recovery of arbuscular mycorrhizal fungi spores using trap cultures 

Trap cultures were used to produce AMF spores to enable both the identification of 

AMF communities using spore morphology and DNA sequencing, and the production of spore 

inoculum for subsequent experiments (Chapters 3 and 4). In addition, mycorrhizal roots 

obtained in pot cultures were stained to assess their colonisation by AMF.  

Two pots were established for each of the root samples collected from both the inter 

and intra row sites from the grapevine rootstocks at each of the vineyard sampling sites (n= 

400 pots). Trap cultures were established by placing 0.2 to 1.0 g of 1 cm root pieces that had 

been stored air dried in a Petri dish (Section 2.1.3) into 1.5 L plastic pots, each containing 50% 

sterile silica sand, 40% pumice and 10% low P potting mixture (Fertilisers: osmocote 38-0-0, 

osmocote 0-0-32, horticultural lime, micromax and hydraflo). The plastic pots were 2/3 filled 

with growing media and a small identation made in the centre and the inoculum was placed 

into the hole at a depth of 6 cm. The grapevine roostock was placed in the center where the 

roots were in contact with the inoculum. Then, growing media was used to fill the planting 

pots. The amount of inoculum used in each pot was variable and depended on the root 

material recovered from each site. For the Camshorn vineyard dry root material per pot was 

0.2 to 0.5 g per pot, whereas for the Brancott and Muddy Water vineyards dry root material 

was 0.7 to 1.5 g. Five control pots (no roots) were placed randomly among the inoculated pots 

in the glasshouse to assess if there was any cross-contamination. Each pot was sown with 

surface-sterilised plantain and white clover seeds (0.1 g each). A grapevine rootstock of the 

same cultivar the sample was recovered from was also planted in each pot. The plants in the 

greenhouse were exposed for over two weeks to high temperature (above 30°C) during the 

summer growing period which caused stress and death of some vines. The plants grew for 

four months after which watering was stopped and plants were dried for two weeks to 

encourage sporulation. Above ground plant material was removed, roots were assessed for 

mycorrhizal colonisation and spores were extracted to analyse the resultant AMF community 

by spore morphotyping and DNA sequencing.   
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 AMF colonisation assessment from trap cultures  

2.2.5.1. Clearing and staining of mycorrhizal roots  

To achieve optimal clearing and staining of grapevine roots 12 clearing and staining 

techniques were evaluated and the optimal methodology used in the remainder of the study. 

In autumn 2018, four replicate pot cultures (two made with inter row and two intra row root 

samples) from each rootstock from each of the three sites were randomly selected from 

randomised separate glasshouse blocks for each staining treatment. Variations to the 

published Brundrett et al. (1996), Brundrett (2008) and Oliviera et al. (2009) staining protocols 

were evaluated, as shown in Table 2.2. The collected roots were washed using tap water to 

remove the debris and a small portion of the roots were placed in a Universal bottle. All root 

samples were first autoclaved at 121°C for 15 min. Then, roots were either covered with 70% 

(v/v) ethanol overnight at room temperature (20°C), treated with 3% (v/v) H2O2 for 30 min at 

room temperature, or left untreated, prior to being immersed in KOH (2 or 10%) and 

autoclaved in a pressure cooker (Hawkins) for 15 min. After clearing, roots were rinsed 

thoroughly with deionised water (dH2O), acidified in 2% (v/v) HCl for 30 min, stained in 0.05% 

w/v trypan blue in 5% v/v lactic acid, 50% v/v glycerol and autoclaved for 15 min in the 

pressure cooker or left overnight at room temperature, depending on the treatment. 

Following staining, roots were placed in lacto-glycerol (1 lactic acid: 2 glycerol: 1 water) prior 

to observation by microscopy. Plantain and white clover roots were stored in 75% ethanol 

overnight and then immersed in 2% KOH and autoclaved for 15 min. The fine roots of plantain 

and white clover were acidified in 2% (v/v) HCl for 15 min and then stained overnight in trypan 

blue at room temperature. The stained grapevine, plantain and white clover roots were 

assessed under the microscope (×100 magnification) for the efficiency of the clearing and 

staining treatments and scored for the presence of visible AMF structures (e.g. arbuscules, 

hyphae, spores and vesicles). 
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Table 2.2 The different clearing and staining treatments used to determine the best method for 
visualising arbuscular mycorrhizal colonisation of grapevine roots 
 

 
 

Treatments 

Clearing Staining 

Ethanol 
overnight 

(70%) 

H2O2 (3%, 
10 min) 

KOH Autoclave 
(15 min) 

Overnight 
(room T°) 

2% 10% 

1   X  X  
2   X   X 
3    X X  
4    X  X 
5  X X  X  
6  X X   X 
7  X  X X  
8  X  X  X 
9 X  X  X  
10 X  X   X 
11 X   X X  
12 X   X  X 

 

2.2.5.2. Percentage of mycorrhizal colonisation 

Following staining, roots were assessed for percentage of mycorrhizal colonisation. 

The magnified gridline intersection method (Brundrett et al. 1996) was used to quantify the 

portion of roots that contained arbuscules, vesicles, spores and hyphal colonisation. The 

percentage of colonisation was calculated using the following formula: 

 Ϸ άώὧέὶὶὬὭᾀὥὰ ὧέὰέὲὭίὥὸὭέὲ
      

     
Ø ρππ.  

The results were analysed using ANOVA in IBM SPSS Statistics software. 

 Spore isolation and identification from trap cultures 

The trap cultures were used to produce spores for identification and as inoculum. 

Samples of the pot culture medium were taken from four pot cultures (two inter- row and 

two intra- row) from each rootstock from each of the three sites. AMF spores were isolated 

using the wet sieving method (Daniels & Skipper 1982). Prior to collecting a representative 20 

g sample from each pot, the culture medium was homogenised. The 20 g sample was then 

mixed with 20 ml tap water and left standing at room temperature for 30-45 min to allow the 

heavier fractions to settle. The supernatant was decanted through stacked sieves of 

decreasing pore size: 750 µm, 500 µm, 150 µm and 32 µm; the first sieve was used to catch 

large particles of floating organic debris while the second, third and fourth sieves were used 
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to capture AMF spores of different sizes. The washing suspensions from the 500, 150 and 32 

µm pore size sieves were transferred into 50 mL tubes and centrifuged at 2000 × g for 3 min. 

The supernatant was discarded, and 45 mL of 50% w/v sucrose was added. The suspension 

was centrifuged again at 2000 x g for 40 s. The supernatant was sieved using the 32 µm sieve 

and rinsed with tap water for 2 min to remove sucrose. The spores were collected on filter 

paper in a Petri dish, sealed with parafilm and stored wet at 4oC for further analysis. Spores 

were counted under a dissecting microscope at ¢90x magnification. The AMF spore 

abundance (number of spores per 20 g of culture medium) was recorded (Appendix A1) and 

healthy-looking spores were counted and grouped based on colour, shape and size (Brundrett 

et al. 1994). Three to five spores from each morphotype were mounted in polyvinyl-lactic acid 

ƎƭȅŎŜǊƛƴŜ όt±[Dύ ƳƛȄŜŘ мΥм όǾκǾύ ǿƛǘƘ aŜƭȊŜǊΩǎ ǊŜŀƎŜƴǘ ό.ǊǳƴŘǊŜǘǘ Ŝǘ ŀƭΦ мффпύ ŦƻǊ ƻōǎŜǊǾation 

by microscope and identification to genus/species level.  

2.2.6.1. Molecular identification of AMF spores produced in trap cultures 

Different primer sets were tested for AMF spore identification (Appendix A2), 

however, the identification of spore to species/genus level was successful using nested PCR 

with Primer sets NS1/NS4 and AML1/AML2 (Figure 2.2). 

 
Figure 2.2 Fungal sequencing primer sets NS1/NS4 and AML1/AML2 locations on the 18S Small Sub 
Unit (SSU) region (https://unite.ut.ee/primers.php). 

 

Single spores of each of the six morphotypes identified by microscopy were sterilised 

using 0.5% sodium hypochlorite (53 g/L) for 2 min and washed several times in MilliQ water. 

Each spore was transferred to a labelled 0.2 mL tube and crushed using a sterilized 

hypodermic needle in 1 µL of MilliQ water. Partial 18S rDNA fragments of AM fungi were 

amplified by nested PCR (van Tuinen et al. 1998). The first PCR was performed using universal 

ŜǳƪŀǊȅƻǘƛŎ ǇǊƛƳŜǊǎ b{м όрΩ-GTAGTCATATGCTTGTCTC-оΩύ ŀƴŘ b{п όрΩ-

CTTCCGTCAATTCCTTTAAG-оΩύ ǳǎƛƴƎ лΦн Ƴa Řb¢tǎΣ мл ǇƳƻƭ ƻŦ ŜŀŎƘ ǇǊƛƳŜǊΣ р ¦ ƻŦ Taq DNA 

polymerase and the supplied reaction buffer (Promega Inc., Seoul, Korea) in a total volume of 

25 µL. Amplification was as follows: initial denaturation at 94ᴈ for 3 min, followed by 30 

cycles at 94ᴈ for 30 s, 52ᴈ for 1 min, 72ᴈ for 1 min, followed by a final extension period at 

https://unite.ut.ee/primers.php
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72ᴈ for 10 min. The first PCR product (1 µL) was used as template for the second 

ŀƳǇƭƛŦƛŎŀǘƛƻƴ ǿƛǘƘ ǎǇŜŎƛŦƛŎ !aC ǇǊƛƳŜǊǎΣ !a[м όрΩ -ATC AAA TTT CGA TGG TAG GAT AGA- оΩύ 

ŀƴŘ !a[н όрΩ-GAA CCC AAA CAC TTT GGT TTC C- оΩύ ǳǎƛƴƎ ǘƘe same reaction components in a 

total volume of 25 µl as follows: initial denaturation at 97ᴈ for 3 min, followed by 30 cycles 

at 94ᴈ for 30 s, 50ᴈ for 1 min, 72ᴈ for 1 min, followed by a final extension period at 72ᴈ 

for 10 min (Lee et al. 2006). DNA amplified by PCR was separated on a precast 2% agarose gel 

and stained with 2 µL ethidium bromide (EtBr, 10 mg/mL) and visualised under UV light for a 

band of the expected 800 bp size. When multiple bands were visualised, the band of interest 

(800 bp) was excised from the gel and purified using gel DNA recovery kit (Zymoclean, USA). 

The purified PCR products were sequenced at the Lincoln University Sequencing Facility and 

the resulting sequence was viewed and manually trimmed to remove any ambiguous bases. 

Then a consensus DNA sequence from the forward and reverse sequences was generated 

using Bioedit software. Each sequence was compared by basic local alignment search tool 

(BLAST) to those on the MaarjAM data base (https://maarjam.botany.ut.ee/) to identify 

similar sequences and assign each AM fungal spore morphotype to genus or species. MEGA 6 

software was used to align DNA sequences and undertake phylogenetic analysis of the 

sequences and known AMF sequences from GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/) using neighbour-joining methods with bootstrap 

of 1000 (Saitou & Nei 1987). Sequences were submitted to NCBI data base under the 

accession numbers MZ068021-MZ068026. 

 Identification of arbuscular mycorrhizal fungal communities from grapevine 
field root samples using denaturing gel gradient electrophoresis (DGGE) 

The AMF communities colonising the grapevine roots sampled from the vineyard field sites 

were determined using denaturing gel gradient electrophoresis (DGGE).  

2.2.7.1. Root DNA extraction  

The root samples (0.2 g) stored in 20% glycerol at -80ᴈ were used for DNA extraction 

(Section 2.1.3). All previously collected intra and inter row samples from each rootstock/site 

(10 samples/rootstock) were processed separately for each site. This means that the total 

number of extracted root DNA samples used for DGGE analyses for Brancott vineyard (4 

rootstocks) was 40, for Camshorn (rootstocks across 3 soil types) and Muddy Water vineyard 

(8 rootstocks) was 160.  The roots were washed several times with sterile water. The number 

https://maarjam.botany.ut.ee/
https://www.ncbi.nlm.nih.gov/genbank/
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of individual samples processed at a time was 24 samples. Samples were crushed and ground 

in liquid nitrogen using a sterile mortar and pestle. The powdered tissue (20 mg) was 

immediately loaded into a 1.5 mL Power beads tube and stored in -20ᴈ until all the 24 

samples were processed. The samples were then suspended in 400 µL Qiagen lysis buffer. 

Total DNA was extracted using DNeasy PowerPlant Pro Kit (Qiagen Laboratories, Hilden, 

DŜǊƳŀƴȅύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ǿƛǘƘ ŀ Ŧƛƴŀƭ Ŝƭǳǘƛƻƴ ǾƻƭǳƳŜ ƻŦ ол ҡƭΦ  

2.2.7.2. PCR amplification and Denaturing Gradient Gel Electrophoresis (DGGE) analysis 

A specific region of the 18S rRNA gene was amplified using nested PCR with primers 

AML1 and AML2 following the method described by Wicaksono et al. (2018). PCR was carried 

out using 0.2 mM dNTPs, 10 pmol of each primer, 5 U of Taq DNA polymerase and the supplied 

reaction buffer (Promega Inc., Seoul, Korea) in a total volume of 25 µL as follows: initial 

denaturation at 94ᴈ for 3 min, followed by 30 cycles at 94ᴈ for 30 s, 50ᴈ for 1 min, 72ᴈ 

for 1 min, followed by a final extension period at 72ᴈ for 10 min. The first PCR product was 

diluted 1/10 with 10 mM Tris EDTA (TE) buffer. The dilutions were used as template DNA for 

ǘƘŜ ǎŜŎƻƴŘ t/w ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ 5DD9 ǇǊƛƳŜǊǎ b{ом D/ όр-CGC CCG GGG CGC GCC CCG GGC 

GGG GCG GGG GCA CGG GGG-о ύ ŀƴŘ DƭƻL όрΩ -GCC TGC TTT AAA CAC TCT A -оΩύ ŀǎ ŦƻƭƭƻǿǎΥ о 

min initial denaturation at 94ᴈ, followed by 30 cycles of 1 min denaturation at 94ᴈ, 1 min 

primer annealing at 55ᴈ and 1 min extension at 72ᴈ, followed by a final extension period of 

10 min at 72ᴈ (Cornejo et al. 2004).  

DGGE was performed using a Cipher DGGE Electrophoresis System (CBS Scientific). 

Five µl of the second PCR product from each root sample from each rootstock was analysed 

by DGGE. The gels were run in 0.5 × TAE buffer (2.42g Tris, 0.571 mL acetic acid and 1 mL 

EDTA). DGGE conditions were as follows: denaturant range, 30ς45%; electrophoresis 

temperature, 60°C; electrophoresis voltage, 90 V; electrophoresis time, 16 h. The gels were 

then stained in 0.1% w/v silver nitrate solution for 10 min, washed in Millipore water and a 

photo of each gel was taken. These photos were then uploaded and analysed in Phoretix 1D 

Pro 16.2 analysis software (BioSystematica). The gels were developed with 200-250 ml of 

developer solution (3% (w/v) sodium hydroxide and 0.01% (v/v) formaldehyde solution in 

Millipore water) for 45 min. The gels were then preserved in 200-нрл Ƴ[ ƻŦ /ŀƛǊƴΩǎ 

preservation solution (25% ethanol, 10% glycerol in water) and covered with GelAir 

cellophane membrane (BioRad) and placed for drying in an oven at 60oC for 24 h. 
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2.2.7.3. Band excision, re-amplification and sequencing. 

From each site, three samples were selected that had the largest number and most 

representative bands of each site and were run on a separate DGGE gel using a large comb 

(to avoid contamination between the samples) with the same conditions as previously 

described in Section 2.7.2. Following staining, a picture of the gel was taken, and a printout 

was made. All the bands to be excised and sequenced were marked and a number was 

assigned to each band (Figure 2.3). The gel was transferred onto a white light plate and, using 

sterilized scalpel and forceps, the excised gel piece was transferred into a 1.5 mL tube and 

labelled accordingly. After cutting all the bands of interest, 50 µL of nucleic acid free water 

was added to each tube. The tubes were stored overnight at 4°C. Following storage, the bands 

were heated at 60°C for 30 min then centrifuged at 16 x g for 20 min. The supernatant was 

transferred into a new 0.7 mL tube avoiding the acrylamide gel pieces. An aliquot (1 µL) of the 

supernatant was used as the template for re-amplification with the same primers as for the 

PCR for DGGE. The remainder of the supernatant was stored at -20°C. After the re-

amplification, the PCR products were purified using a PCR clean-up kit (Ultraclean, Carlsbad, 

CA) prior to Sanger sequencing at the Lincoln University sequencing facility (Appendix A3). 

Sequences were assembled and edited using BioEdit software. Each sequence was compared 

by basic local alignment search tool (BLAST) to those on MaarjAM to identify similar 

sequences. Consensus sequences for all isolates were compiled into a single file (Fasta 

format). Sequences of the DGGE bands were submitted to NCBI data base under the accession 

numbers MZ063707-MZ063756. 
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Figure 2.3 Denaturing gradient gel electrophoresis of arbuscular mycorrhizal communities from roots 
from selected samples (S1-S3) from each site and the DGGE band numbers (1-80) representing AMF 
that were excised and sequenced. BVM: Brancott Vineyard Marlborough, CVW: Camshorn Vineyard 
Waipara, MVW: Muddy Water vineyard Waipara. 
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2.2.7.4. Community analysis and statistics 

DGGE gel bands from each site were analysed using Phoretix 1D Pro 16.2 software 

(BioSystematica) which generated the community matrix data. The AMF community was then 

analysed in Plymouth Routines In Multivariate Ecological Research (Primer 7; Primer-E Ltd, 

Plymouth Marine Laboratory, UK) statistic software used for multivariate analysis in ecology 

using non metric multidimensional scaling (represents, as closely as possible, the pairwise 

dissimilarity between objects in a low-dimensional space) with averages Bootstrapping 

(allows estimation of the sampling distribution of almost any statistic using random sampling 

methods). This enabled visualisation of the AMF community differences between the 

different rootstocks in the different sites. A PERMANOVA test was also performed to 

determine if the communities were different. 

 Soil physical, chemical and nutrient properties 

Soil samples were prepared by air-drying at room temperature, cleaned from stones 

and organic contamination (roots, leaves, etc.) by hand-picking, crushed with a pestle to break 

down the large clods, and sieved and ground to less than 2 mm using a mechanical grinder.  

2.2.8.1. Soil particle size distribution  

A modified micro-pipette method by Miller & Miller (1987) for soil mechanical analysis 

was used to determine soil texture. Two g of dried soil was weighed into 50 mL centrifuge 

tubes and 40 mL of dispersing agent (10 mL 1 N NaOH + 10 mL 5 % 

sodiumhexametaphosphate/ litre) was added to each tube. The mixture was shaken for 12 h 

in an end-over-end shaker (Lincoln University made) at 50 r.p.m. The tubes were shaken by 

hand and left uncovered in an incubator at 30ᴈ for 2 h. Following the incubation and after 

recording the weight of each dish, 2.5 mL of suspension was taken by pipette at a 2.5 cm 

depth from the surface and placed in a drying oven at 105ᴈ for clay determination. The 

remaining mixture was sieved through a 53 µm sieve into dishes and dried in an oven at 105ᴈ 

overnight for sand determination. After drying and cooling, the weight of each fraction was 

recorded, and the calculation was done as described by Miller & Miller (1987). Soil texture 

was then determined based on the soil textural classification triangle 

(https://www.nrcs.usda.gov). 

https://www.nrcs.usda.gov/
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2.2.8.2. Soil pH 

Soil pH was determined using a 2:1 ratio of 30 mL deionized water and 15 g soil. The 

samples were loaded in 70 mL bottles and shaken end-over-end for 30 min and then left 

undisturbed for 4 h (Blakemore et al. 1987). The pH was measured using a calibrated pH-

meter (Mettler-Toledo, Switzerland).  

2.2.8.3. Soil moisture content 

From each soil sample, a 10-20 g sample was weighed. The weight of the empty tin + 

lid and the weight of the tin + lid + soil was recorded. The samples were placed in an oven at 

105°C for 8-24 h, with lids removed. After drying, the lid was replaced, and the samples cooled 

to room temperature in a desiccator. Once cooled, the samples were reweighed using the 

same balance.  

Soil moisture was calculated as follows: 

MF (Moisture Factor) = 
   

   
  

To convert to an oven-dry basis: 

Oven dry result = 
    

  

MC% (Moisture Content) = 
    

    
Ϸ  where wt of moisture = (wt of air-dry soil) 

ς (wt of oven dry soil). 

DM = 100 - %MC 

To convert to an oven-dry basis: 

Oven dry result = 
      Ϸ

  

2.2.8.4. Cation exchange capacity 

Soil cation exchange capacity (CEC) was determined using the hexamminecobalt 

trichloride (ISO 23470:2007) method. A 0.70 g soil sample (air-dried, < 2 mm) was weighed 

into a 50 mL tube. Then, 35 mL of 0.01M AgTU+ solution was added, and the tube was sealed. 

The mixture was shaken for 16 h on an end-over-end shaker. After shaking, the tubes were 

centrifuged at 1000 x g for 10 min. The contents were then filtered through a Whatman 40 

filter paper into a plastic vial. The samples and blanks were analysed on the Inductively 

Coupled Plasma Optical Emission Spectrometer (ICP-OES, Varian 720-ES) for the following 

cations: Na+, K+, Ca2+, Mg2+, Ag+, Al3+ and Mn2+.   

Cations calculation: 
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Na, cmolc/kg = ((a-b) *v*100)/ (229.9 *m*DM) 

Where: a = concentration of sodium in sample (mg/L); b = concentration of sodium in blank 

(mg/L); v = volume of extractant (35 mL); m = weight of air-dry soil; DM = dry matter of air-

dry soil in %; 229.9 = conversion factor to get to cmol of charge per kg (dependent on specific 

cation as it relates to atomic weight and valence of cation). cmolc= centimole cation. 

K, cmolc/kg = ((a-b) *v*100)/ (391.0 *m*DM);  

Mg, cmolc/kg = ((a-b) *v*100)/ (121.6 *m*DM); 

Mn, cmolc/kg = ((a-b) *v*100)/ (274.7 *m*DM); 

Al, cmolc/kg = ((a-b) *v*100)/ (89.9 *m*DM); 

 CECAgTu Calculation 

CECAgTu cmolc/kg = (1- Ag+) *50  

Where: Ag+ = Ag+ from the ICP-OES expressed in molarity; 50 = dilution factor. 

To convert to oven dry 

CEC = CEC (cmolc/kg) x (100 + MC %) / 100 

Where: MC% = moisture content % (calculated in Section 2.2.8.3). 

2.2.8.5. Total Nitrogen 

Total nitrogen content was determined according to the Kjeldahl method (Horneck & 

Miller 1998) using the following formula: 

N total (%) = ὥ ὦὰὥὲὯz
ᶻ

ᶻ
*10-4) 

Where:  

a = NH4-N in mg/L; V = final volume of sample digest (mL, usually 50 mL); b = field moist soil 

weight; DM = dry matter in % and 10-4 factor to convert mg/Kg to g/100 g (100%). 

2.2.8.6. Soil organic matter (SOM) and soil organic carbon (SOC) by loss on ignition  

The crucibles were weighed, and the weight recorded. Samples of air-dried soil (10 ς 

20 g) were also weighed and dried at 105°C in an oven for 24 h. These were then removed 

and cooled to room temperature in desiccators. After cooling, the samples were reweighed 

on the same balance and the oven-dry weights were recorded. The crucibles were placed into 

a muffle furnace. The samples were combusted at 550°C for 4 h. The crucibles were removed, 

cooled and reweighed.  
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For soil carbonate determination, the crucibles with the shed samples were returned to the 

muffle furnace at 950°C for 2 h. After that, the crucibles were removed, cooled and 

reweighed.  

Calculations: 

SOM (%) = * 100 

To convert to organic carbon:  

SOC (%) = 
 Ϸ

Ȣ
                        Carbonate (%) = * 100 

2.2.8.7. Carbon/Nitrogen ratio (C/N) 

The C/N ratio was calculated by dividing the value of the total organic carbon in the 

soil with the total nitrogen in the soil. 

2.2.8.8. Macro and Micronutrients  

Soil Fe, Mn, Zn and Cu were extracted according to the DTPA method described by 

Lindsay & Norvell (1978) where 2.5 g dried and ground soil was transferred into plastic bottles, 

followed by the addition of 40 ml diethylenetriaminepentaacetic acid (DTPA) and bottles were 

shaken on a reciprocating GFLς3018 shaker for 2 h. The resulting suspension was filtered 

through Whatman quantitative filter papers and the filtrate (20-30 mL) was transferred into 

30 mL ICP tubes. Concentrations of macro and micronutrients were determined using a pre-

calibrated inductively coupled plasma optical emission spectrometer (ICP-OES), model 

Teledyne-Leeman Labs PS 1000.  

 Statistical analysis 

The DGGE community matrix data generated in Section 2.2.7.3 along with the 

physicochemical and nutrient analysis data from Section 2.2.8 were used to determine the 

factors which influenced AMF community structure. The data were analysed using Plymouth 

Routines In Multivariate Ecological Research (PRIMER) statistical package using grouping 

(CLUSTER), sorting (MDS), trend correlation (BEST), comparisons (RELATE), 

diversity/dominance/distribution calculating. The significant effects of rootstocks and soil 

properties on AMF communities was determined using permutational multivariate analysis 

of variance (PERMANOVA).
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 Results 

 Mycorrhizal colonization assessment of trap culture root samples 

The roots of the three bait plants from the trap cultures, including grapevine roots, 

were assessed for visible AMF structures following each of the different clearing and staining 

treatments (Figure 2.4). All the stained roots were successfully colonised by AMF as 

demonstrated by the presence of AMF structures such as aseptate hyphae, arbuscules and 

vesicles (Figure 2.4). The results from treatment 1 and 3 using 2% and 10% KOH with 15 min 

staining in autoclave (15 min) did not produce visible images and therefore were not included 

in the image below. Treatment with 3% H2O2 was not efficient in clearing the roots. The 

surrounding plant cells were stained, and a range of different colours was observed which 

made it very difficult to distinguish between plant and fungal structures (Figure 2.4, 

treatments 2 and 4). For the clearing treatments, the use of 2% KOH did not result in sufficient 

clearing of the pigmented roots with root tissue also staining blue, resulting in little contrast 

and creating a poor image for visualisation of AMF structures (Figure 2.4, treatments 5 and 

6). The use of 10% KOH instead of 2% improved the root clearing (Figure 2.4, treatments 7 

and 8). However, treating the roots in 70% ethanol overnight prior to the start of the clearing 

and staining process greatly improved the clearing of the plant cell background and the AMF 

structures were more apparent and distinguishable from the plant tissue (Figures 2.4, 

treatments 9-12). Overnight staining (Figures 2.4, treatments 6, 8, 10 and 12) provided better 

results than staining by autoclaving for 15 min (Figure 2.4, treatments 5, 7, 9 and 11). Good 

staining was observed for the clover and plantain using the standard published method. Dark 

septate endophytes (DSE) were observed in plantain root (Figure 2.4, a), but not in clover 

(Figure 2.4, b) or grapevine roots.  

Following the confirmation of colonisation by AMF, these roots were assessed for 

percentage mycorrhizal colonization. It was observed in Figure 2.5 that clover (60-70%) and, 

particularly, plantain (70-80%) roots were more efficiently colonized by AMF in all the 

different rootstock treatments. As for the grapevine rootstocks cuttings, the percentage of 

mycorrhizal colonization ranged from 35 to 70%. This variation in colonisation rate was 

observed between rootstocks in the same vineyard site and across vineyard sites. 
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Figure 2.4 Typical colonization of plant roots from trap cultures visualized under a compound 
microscope (400x). AMF colonisation in grapevine roots after clearing and staining using 10 out of 12 
different treatments listed in Table 1. The number on each figure represents the number the 
treatment, as described in Table 1. (13) and (14) Vineyard sourced grapevine roots stained using 
method 12 from Table 1. A: arbuscules; AH: aseptate hyphae; V: vesicles (a) AMF and dark septate 
endophyte colonisation in plantain roots, DSE: dark septate endophyte, SH: septate hyphae; V: 
vesicles. (b) Septate hyphae in plantain roots. (c) AMF colonisation in white clover roots. A: arbuscules. 
The scale bar represents 100 µm. 
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Figure 2.5 Percentage arbuscular mycorrhizal colonisation of stained roots of the three bait plants (grapevine, clover and plantain) from the pot cultures 
produced from roots of different rootstocks (101-14, 5C, SO4, Schwarzman, Riparia Gloire, 3309C, 420A, Fercal and 99R) sampled from three different vineyard 
sites (BVM: Brancott Vineyard Marlborough, CVW: Camshorn Vineyard Waipara, MVW: Muddy Water Vineyard Waipara). Means of 4 replicates, with error 
bars representing SE. 
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 Identification of arbuscular mycorrhizal fungi spores produced in trap cultures.   

Six spore morphotypes were isolated from the trap cultures generated from roots 

from the different grapevine rootstocks. Sampling position, inter or intra row, did not affect 

(p>0.05) the diversity of AMF communities in the rootstock. However, the result  from the 

pot cultures observations and spore counts (Appendix A1) showed that there were 

differences in AMF community diversity between the vineyards, with not all rootstocks from 

the same vineyard colonised by the same AMF species (Table 2.3). Also, no AMF spores were 

found in the five control pots used for cross-contamination assessment.  

Table 2.3 Arbuscular mycorrhizal spore morphotypes (M1-6) observed and recorded in each of the 
grapevine rootstocks from trap cultures for the three vineyard sites. The scale bar represents 100 µm. 

 

      
  
 
 

 

 

 

 

 

 

 

 

 

 

 

      
M1 M2 M3 M4 M5 M6 

 
The identified morphotypes belonged to Funneliformis sp., Ambispora sp., Glomus sp., 

and Claroideoglomus sp. (M1-M6) with sequences similarity of 98-100% with species in the 

  
Rootstocks 

Spore Morphotype 

M1 M2 M3 M4 M5 M6 

 Brancott Vineyard       

Schwarzmann X X X   X 
101-14 X X X    
5C X X X X   
SO4 X X X X   

Camshorn Vineyard       

Riparia Gloire (A) X X X    
101-14 (A)  X X    
Schwarzmann (B) X X X    
Riparia Gloire (B) X X X    
101-14 (B) X  X    
Schwarzmann (C) X X X    
101-14 (C) X  X    
3309 (C) X  X    

Muddy Water Vineyard       

Schwarzmann X X  X X X 
3309 X X  X  X 
Riparia Gloire X X  X X X 
101-14 X X  X  X 
5C X X  X  X 
420A X X  X X X 
Fercal X   X  X 
99R X X  X  X 
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MarjAM data base (Table 2.4). Funneliformis sp. and Ambispora leptoticha (M1 and M2, 

respectively) were observed in high abundance across the three vineyards, Glomus sp. 1 (M3) 

was observed in the Brancott and Camshorn vineyard sites. Glomus sp. 2 (M4), 

Claroideoglomus sp. (M5) and Glomus sp. 3 (M6) were dominant in the Muddy Water 

vineyard site. The use of primer set AML1/AML2 did not identify all morphotypes to species 

level. However, based on the spore morphology description in Blaszkowski (2012), 

morphotypes M1, M3, M4, M5 and M6 were morphologically similar to Funniliformis 

mosseae, Glomus clavisporum, Glomus sinuosum (= Sclerocystis sinuosa) and 

Claroideoglomus lamellosum and Glomus constrictum (renamed as Funneliformis 

constrictum), respectively. 

Table 2.4 Site location, morphotypes and identity of arbuscular mycorrhizal fungal spores isolated 
from grapevines using trap cultures 

   
Type  

Plant site location 

Spore Morphotype Closest match Accession No 
(Identity) 

Colour Shape 
Size 

(diam.) 
 

M1 BVM, CVW, MVW Pale yellow Globose ур ˃Ƴ Funneliformis sp. JX461236 (98.5%) 

M2 BVM, CVW, MVW Pale brown Globose ул ˃Ƴ Ambispora leptoticha AJ006466 (99%) 

M3 BVM, CVW Orange brown Subglobose ор ˃Ƴ Glomus sp. 1 JX144124 (99%) 

M4 BVM, MVW Orange brown Globose мул ˃Ƴ Glomus sp. 2 FR821564 (99%) 

M5 MVW Pale cream Globose мол ˃Ƴ Claroideoglomus sp. HE613497 (100%) 

M6 BVM, MVW Red brown Globose рл ˃Ƴ Glomus sp. 3 HE613469 (100%) 

BVM: Blenheim Vineyard in Marlborough; CVW: Camshorn Vineyard in Waipara; MVW: Muddy Water Vineyard in 
Waipara. 
 

 Identification of arbuscular mycorrhizal fungi from field root samples using 
denaturing gradient gel electrophoresis   

Eighty DGGE bands were excised, re-amplified and sequenced. Fifty-four (68%) of the 

sequenced DGGE bands were AMF while the other 26 (32%) bands produced unreadable 

sequence signals (Table 2.5). Most sequences were assigned to Glomus spp., Rhizophagus 

spp. and Claroideoglomus spp. while the remainder belonged to Archaeospora spp. and 

uncultured Glomeraceae (Table 2.5). The results from sequencing root samples from trap 

cultures and from the root samples from the vineyard were not similar. Funneliformis sp. and 

Ambispora leptoticha were present in trap cultures but not in the roots from field samples, 

whereas, Rhizophagus sp. was present in the roots from Muddy Water vineyard samples and 

absent in root trap cultures. It was also shown that the rootstocks from each site were 

colonized by different AMF communities and that they differed across vineyards (Table 2.5).   
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Table 2.5 Sequenced bands excised from DGGE gel of amplified arbuscular mycorrhizal fungal communities associated with rootstocks in each site with their 
highest identity matches. 

Band # Rootstocks Base pair Closest match Query cover % Similarity % Accession # 

Camshorn Vineyard in Waipara (CMV) 
B1 Schwarzmann (C), 101-14 (C) 185 Glomus sp. 96% 98% JN559805 
B2 Schwarzmann (C), 101-14 (C) NA MSS NA NA NA 
B3 Schwarzmann (C), 101-14 (C) NA MSS NA NA NA 
B4 101-14 (B), 101-14 (C), Schwarzmann (C) 185 Claroideoglomus sp.  100% 97.86% LS997512 
B5 101-14 (B), 101-14 (C), Schwarzmann (C) 183 Claroideoglomus sp.  100% 96.22% LS997512 
B6 101-14 (C), Schwarzmann (C) 186 Uncultured Glomeromycota 98% 97.23% KM601003 
B7 101-14 (B), 101-14 (C), Schwarzmann (C), Riparia Gloire (B) 183 Claroideoglomus sp.  96% 99.4% LS997512 
B8 101-14 (B), 101-14 (C), Schwarzmann (C), Riparia Gloire (B) 180 Claroideoglomus sp.  96% 97.70% LS997512 
B9 101-14 (B), Schwarzmann (C), Riparia Gloire (B) 192 Claroideoglomus sp.  97% 97.24% LS997512 
B10 101-14 (B), 101-14 (C), Schwarzmann (C) 192 Claroideoglomus sp.  91% 97.19% LS997512 
B11 101-14 (B), Riparia Gloire (B) 229 Glomus sp. 94% 97.22% JN644464 
B12 101-14 (B), Riparia Gloire (B) 196 Glomus sp. 97% 96.91% KX108061 
B13 101-14 (C), Schwarzmann (C), 3309C (C) 197 Glomus sp. 98% 96% MG835533 
B14 101-14 (B), Riparia Gloire (B) 233 Glomus sp. 95% 97.33% MF621817 
B15 101-14 (B), Riparia Gloire (B) 187 Glomus sp. 100% 96% JN559814  
B16 Riparia Gloire (A), 101-14 (A), Schwarzmann (A), 3309C (C) 227 Glomus sp. 99% 97.78% KF386277 
B17 Riparia Gloire (A), Schwarzmann (A) 3309C (C) 180 Glomus sp. 100% 100% KF386277 
B18 Riparia Gloire (A), 3309C (C) 191 Glomus sp. 95% 91.45% LN622886 
B19 Riparia Gloire (A), 3309C (C), 101-14 (A), Schwarzmann (A) 192 Glomus sp. 98% 96.32% MG835533 
B20 Riparia Gloire (A), 3309C (C), Schwarzmann (A) 194 Uncultured Glomeraceae 98% 96.88% KT325666 

Brancott Vineyard in Marlborough (BVM)  
B21 101-14, 5C, SO4 193 Glomus sp. 99% 97% KY685519 
B22 Schwarzmann, 101-14, SO4 224 Claroideoglomus sp.  99% 99.10% KY416598 
B23 Schwarzmann, 101-14 125 Glomus sp. 100% 97% KJ639010 
B24 Schwarzmann, 101-14, SO4 225 Claroideoglomus sp.  99% 100% KY416598 
B25 Schwarzmann 196 Glomus sp. 99% 97% LT836895 
B26 Schwarzmann NA MSS NA NA NA 
B27 Schwarzmann, 101-14 224 Claroideoglomus sp.  99% 99.10% KY416598 
B28 101-14, 5C, SO4 NA MSS NA NA NA 
B29 101-14, 5C, SO4 NA MSS NA NA NA 
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Table 2.5 continued 

Band # Rootstocks Base pair Closest match Query cover % Similarity % Accession # 

B30 Schwarzmann, 101-14,  NA MSS NA NA NA 
B31 Schwarzmann, 101-14, SO4 NA MSS NA NA NA 
B32 Schwarzmann, 101-14, 5C NA MSS NA NA NA 
B33 Schwarzmann, 101-14,5C 200 Glomus sp. 100% 100% LT836895 
B35 Schwarzmann NA MSS NA NA NA 
B36 Schwarzmann NA MSS NA NA NA 
B37 Schwarzmann 225 Claroideoglomus sp.  99% 100% KY416598 
B38 101-14 199 Glomus sp. 97% 97.97% KY685519 
B39 101-14 NA MSS NA NA NA 
B40 Schwarzmann, SO4 NA MSS NA NA NA 
B41 101-14, Schwarzmann, 5C, SO4 204 Glomus sp. 97% 97.5% LT836895 
B42 5C, SO4  225 Glomus sp. 98% 96.58% EU368267 
B43 101-14, Schwarzmann NA MSS NA NA NA 
B44 101-14 NA MSS NA NA NA 
B45 Schwarzmann NA MSS NA NA NA 
B46 Schwarzmann 201 Uncultured Glomeraceae 96% 97.23% GU353505 
B47 SO4, 5C 182 Glomus sp.  97% 97.50% HQ874640 
B48 SO4, 5C 220 Uncultured Glomeraceae 98% 97.46% MK335169 
B49 101-14, Schwarzmann 204 Glomus sp. 98% 99.53% LT836978 
B50 101-14, Schwarzmann NA MSS NA NA NA 
B51 101-14, Schwarzmann 196 Glomus sp. 99% 97% LT836895 
B52 101-14, Schwarzmann 218 Glomus sp. 98% 99.53% LT836978 
B53 SO4, 101-14, Schwarzmann NA MSS NA NA NA 
B54 SO4, 101-14, Schwarzmann NA MSS NA NA NA 

Muddy Water Vineyard in Waipara (MVW) 
B55 Schwarzmann 224 Uncultured Glomeraceae 99% 99.10% MG829332 
B56 Schwarzmann, 101-14 223 Glomus sp. 100% 99.55% JX144124 
B57 Schwarzmann, 101-14 196 Glomus sp. 98% 97% LT836895 
B58 Schwarzmann NA MSS NA NA NA 
B59 101-14 241 Glomus sp. 99% 97.25% KP988516 
B60 99R, Fercal, Riparia Gloire, 3309C, Schwarzmann,5C 214 Rhizophagus sp. 100% 97.73% LS997555 
B61 99R, Fercal, Riparia Gloire, 3309C, Schwarzmann 217 Rhizophagus sp. 100% 97.7% LS997555 
B62 99R, Fercal, Riparia Gloire, 3309C, Schwarzmann, 101-14  211 Rhizophagus sp. 100% 99.53% LS997555 
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Table 2.5 continued 

Band # Rootstocks Base pair Closest match Query cover % Similarity % Accession # 

B63 Fercal, Riparia Gloire, 5C, 420A, 99R NA MSS NA NA NA 
B64 Fercal, Riparia Gloire, 5C, 420A NA MSS NA NA NA 
B65 Fercal, Riparia Gloire, 5C 227 Uncultured Glomeraceae 99% 97.78% KX108061 
B66 Riparia Gloire, Schwarzmann, 101-14, 3309C 186 Claroideoglomus sp.  99% 96.83% KY416598 
B67 5C, 420A 192 Glomus sp. 97% 97.47% MH453204 
B68 101-14 193 Glomus sp. 97% 99.47% EU332711 
B69 5C, 420A, Schwarzmann 194 Glomus sp. 98% 98.5% MH453204 
B70 5C, 420A 192 Glomus sp. 98% 98.5% MH453204 
B71 Riparia Gloire, Fercal, 99R, 101-14 NA MSS NA NA NA 
B72 5C, Riparia Gloire, Fercal, 99R, Schwarzmann, 101-14 NA MSS NA NA NA 
B73 420A, Riparia Gloire, Fercal, 99R NA MSS NA NA NA 
B74 5C, 420A, Riparia Gloire, Fercal NA MSS NA NA NA 
B75 99R, Fercal, Riparia Gloire, 3309C, Schwarzmann, 101-14 188 Claroideoglomus sp.  100% 97.87% LN618176 
B76 99R, Fercal, Riparia Gloire, 3309C, Schwarzmann, 101-14 180 Claroideoglomus sp.  100% 99.44% LN618176 
B77 99R, Fercal, Riparia Gloire, Schwarzmann, 101-14 200 Claroideoglomus sp.  98% 98.50% LN618176 
B78 Riparia Gloire, 3309C, Schwarzmann, 101-14 NA MSS NA NA NA 
B79 Riparia Gloire, 3309C, 99R, 101-14 NA MSS NA NA NA 
B80 Riparia Gloire, 3309C, 99R, Schwarzmann, 101-14 NA MSS NA NA NA 

MSS: Multiple sequence signal  
NA: Not available 
(A), (B), (C) represents soil types: Glasnevin gravels, Salix clays and Glenmark gravel, respectively. 
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 AMF communities and host specificity 

There was a significant difference (PERMANOVA p= 0.001) in the AMF communities 

associated with the grapevine rootstocks at each site (Appendix A6). In the Brancott vineyard, 

the AMF community in rootstocks 5C and SO4 were more similar to each other than to 101-

14 and Schwarzmann (Figure 2.6) which was also confirmed in the pair-wise comparison test 

(Appendix A6). 

 

Figure 2.6 Non-metric multidimensional scaling (MDS) plot showing the AMF communities associated 
with four different grapevine rootstocks in the Brancott Vineyard Marlborough. Sch: Schwarzmann, 
av: average. Points represent Objects (AMF communities). Objects that are more similar to one 
another are ordinated closer together. The axes are arbitrary as is the orientation of the plot. 

In the Camshorn vineyard the AMF communities were clustered in two groups (Figure 

2.7). The AMF communities from Riparia Gloire, 101-14 and Schwarzmann from soil type A 

Glasnevin gravel) were grouped and separated from the AMF communities from 101-14, 

Riparia Gloire (soil type B; Salix clay) and Schwarzmann, 101-14 (soil type C; Glenmark gravel), 

which were also grouped together. The AMF community of 3309C, soil type C overlapped with 

the AMF community of Riparia Gloire in soil type A (Figure 2.7).  
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Figure 2.7 Non-metric multidimensional scaling (MDS) plot showing the AMF communities associated 
with three to four different grapevine rootstocks planted in three different soil types in Camshorn 
Vineyard Waipara.Sch: Schwarzmann, RG: Riparia Gloire. A, B and C represent different soil types. A. 
Glasnevin gravel, B. Salix clay and C. Glenmark gravel, av: average. Points represent Objects (AMF 
communities). Objects that are more similar to one another are ordinated closer together. The axes 
are arbitrary as is the orientation of the plot. 

 

In Muddy water vineyard, the pair-wise comparison test (Appendix A6) showed that the AMF 

communities of: 420A ς Schwarzmann, 99R ς Riparia Gloire and Fercal ς Riparia Gloire were 

more similar to each other compared to other rootstocks present at that site (Figure 2.8).  

 
Figure 2.8 Non-metric multidimensional scaling (MDS) plot showing the AMF communities associated 
with eight different grapevine rootstocks in the Muddy Water Vineyard Waipara. av: average. Points 
represent Objects (AMF communities). Objects that are more similar to one another are ordinated 
closer together. The axes are arbitrary as is the orientation of the plot. 
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 Soil factors relationship with AMF communities inferred from field root 
samples 

Soil factors analysis (Appendix A4 & A5) that showed to have a significant relationship 

with the AMF communities are listed in Table 2.6 for each vineyard site.  Soil moisture content, 

dry matter and pH were observed to have a significant (p<0.05) relationship with AMF 

communities across the three vineyard sites. In Muddy Waters and Camshorn vineyard sites 

more factors influenced the AMF communities including the cation exchange capacity (CEC), 

soil organic matter (SOM), percentages of carbon (C) and nitrogen (N). There was no 

significant effect (p>0.05) of other soil factors (macro and micronutrients) on AMF 

communities in the three vineyard sites.  

 

Table 2.6 PERMANOVA table showing the significant results of soil factors that showed a relationship 
with AMF communities in the three vineyard sites. 

Vineyard sites Soil Factors df Pseudo-F p values 

Brancott AMF communities Moisture Content (MC) 1 2.0951 0.004 
 Dry Matter (DM) 1 1.8657 0.009 
 pH 1 3.6971 0.001 

 
Camshorn AMF communities Moisture Content (MC) 1 3.2254 0.001 
 Dry Matter (DM) 1 1.628 0.014 
 pH 1 2.0514 0.001 
 Cation Exchange capacity (CEC) 1 11.373 0.001 
 Soil Organic Matter (SOM) 1 2.8868 0.001 
 Carbon content (C) 1 4.0982 0.001 
 Nitrogen content (N) 1 2.3267 0.001 

 
Muddy Water AMF communities Moisture Content (MC) 1 2.4929 0.001 
 Dry Matter (DM) 1 3.7574 0.014 
 pH 1 2.4688 0.001 
 Cation Exchange capacity (CEC) 1 1.3574 0.001 
 Soil Organic Matter (SOM) 1 3.3558 0.001 
 Carbon content (C) 1 1.8684 0.001 
 Nitrogen content (N) 1 4.3759 0.001 

df is the numerator and denominator degrees of freedom in the Pseudo-F test.  p values indicate 
significance at p<0.05. 
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 Discussion  

The research in this chapter aimed to address a knowledge gap regarding these key 

fungal mutualists associated with grapevines. It is the first study to isolate and identify the 

AMF communities associated with grapevines in New Zealand. The study also investigates how 

rootstocks influence the diversity and composition of AMF communities colonising grapevine 

roots. In this work, complementary techniques (trap culture and DGGE) were used to identify 

the complete AMF communities colonising different grapevine rootstocks. The rootstock 

effect was investigated based on AMF community matrixes generated from DGGE gels and 

analysed using multivariate analysis. 

This work demonstrated that grapevines are colonised by diverse AMF communities 

which include species belonging to the Glomus, Rhizophagus, Funneliformis, Claroideoglomus 

and Ambispora genera. The AMF genera identified in this study differ to the genera identified 

to be associated with grapevines in other studies in the USA and Europe (Schubert and Cravero 

1985; Oehl et al. 2005; Schreiner & Mihara 2009; Balestrini et al. 2010). These studies have 

highlighted the dominance of other genera in viticulture such as Acaulospora, Gigaspora, 

Scutellospora and Paraglomus which were not identified in this work. Since other studies, such 

as that of Alguacil et al. (2014) and Wicaksono et al. (2017), have amplified these genera using 

the same AML1 and AML2 primers used in the current study it is likely that the results are a 

true reflection that fungi within these genera not colonising the grapevine roots in these 

sample sites, rather than any procedural bias.   

This study revealed that the identified AMF taxa sequenced from spore morphotypes 

recovered from trap cultures were different from those determined from field root samples 

using dominant DGGE bands. This was also confirmed in a similar recent study by Wicaksono 

et al. (2017) on Mņnuka plants where an absence of some AMF taxa in DGGE bands were 

observed when compared to trap cultures and vice versa. It was also reported that the use of 

trap cultures for AMF recovery may fail to capture some species due to their poor sporulation 

and could cause bias towards species that can tolerate greenhouse conditions (Cuenca et al. 

2003; Trejo-Aguilar et al. 2013). Also, the conditions in the glasshouse pots may not replicate 

the physicochemical optima for some species (Leal et al. 2009; Long et al. 2010). The DGGE 

technique was shown to reveal a higher AMF diversity associated with grapevines than with 
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the trap culture, which is potentially due to the fact that the roots themselves which were 

collected from the field were used rather than relying on AMF within these growing out, 

colonising the roots and then producing spores. This highlights that the use of multiple 

techniques, rather than one, can provide more complete information on AMF community 

structure and the dominant genera associated with grapevines in different sites. In addition, 

using trap cultures offers an additional advantage in providing material for future 

experiments. 

The use of DGGE as an approach to determine the AMF communities colonising 

grapevine roots has also advantages and disadvantages. DGGE is a cost-effective technique 

and provide a general view of microbial community prior to sequencing (Cleary et al. 2012). 

Yet, the sequences obtained from DGGE bands are short (~200 bp) which are less than one-

third the total length of the small-subunit (SSU) rRNA and are of variable quality (Diez et al. 

2001). Moreover, DGGE is known to detect the most abundant species within the total 

diversity in the root samples. In the current study, this problem was minimised by using taxa 

specific PCR-DGGE (Muhling et al. 2008; Wicaksono et al. 2016) where 68% of the sequenced 

bands were associated to AMF genera. However, since one DGGE band could represent 

multiple species and one species could be represented by several bands this may lead to 

misinterpretation of the community profile (Dowd et al. 2008) and this was observed in 32% 

of the sequenced bands where sequence quality resulted in multiple sequence signal which 

limited the identification of AMF. This study has proven that the taxon specific DGGE method 

remains a good molecular technique for characterisation and identification of AMF 

communities as all the sequenced DGGE bands were identified as AMF. 

The present study also showed that the AMF amplified from grapevine vineyard root 

samples were clearly dominated by Glomus spp. followed by Claroideoglomus spp. across all 

sites. The dominance of Glomus spp. was also reported in published papers on AMF 

communities in vineyards and other agricultural ecosystems (Öpik et al. 2006; Alguacil et al. 

2008; Schreiner & Mihara 2009; Balestrini et al. 2010). Rhizophagus spp. were only found in 

analysed roots that were collected from the Muddy Water vineyard site but were not detected 

in trap cultures of the same site. This could also be an indication that the conditions were not 

favourable for spore formation in trap cultures. This agreed with other studies on herbaceous 
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and woody plants where a 3-4-month growth period was insufficient for colonisation and 

sporulation of Rhizophagus spp. (Hall 1977; Wicaksono et al. 2016). In the work of Hall (1977) 

only a few Rhizophagus spp. spores were formed even after 2.5 years growth of the trap 

cultures. In most studies on grapevine, Rhizophagus spp. were encountered in vineyard roots 

and soils while in trap cultures, AMF spores isolated were mostly dominated by Glomus spp. 

(Cheng and Baumgartner 2004; Schreiner & Mihara 2009). In this study, the dominant 

presence of Funneliformis spores in pot cultures and not in roots was also reported in a 

previous study on grapevines (Schreiner & Mihara 2009; review Trouvelot et al. 2016). The 

absence of Ambispora spp. in root samples could be related to the fact that the primer set 

used in DGGE have amplified a small region (200 bp) which limited the detection of Ambispora 

spp. In Schreiner and Mihara (2009) study, Ambispora spp. in root samples were only detected 

when used specific nested PCR procedure and primers (NS5/ITS4 for first PCR and ARCH1311 

and ITS4 for second PCR). This indicates that the selection/preference of some AMF genera 

ƴŜŜŘǎ ǘƻ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘ ǿƘŜƴ ŀǎǎŜǎǎƛƴƎ !aC ŎƻƳƳǳƴƛǘȅΩǎ ŀǎǎƻŎƛŀǘƛƻƴ ǳǎƛƴƎ ǘǊŀǇ 

cultures.   

The results showed that rootstocks significantly influenced AMF community diversity 

and composition in all sites. This was supported by the finding of the roots collected in field 

where most rootstocks within and across sites harboured different AMF communities. The 

origins of the grapevines at each site were different and sourced from several nurseries, and 

thus were likely to be pre-colonised by different AMF communities prior to planting because 

the grafting is grown for a season in soil at the nursery prior to being sent to growers (Waite 

et al. 2015). This could contribute to the variation between different rootstocks with respect 

to AMF communities and in a study on apple trees it was found that the AMF colonising 

different rootstocks at different sites are a combination of those originally colonising the 

rootstocks and those in the soil at the site (Miller et al. 1985). However, all grapevine plants 

in the Muddy Water vineyard came from the same nursery, yet the community composition 

was different in each rootstock, indicating that the rootstock plays a major role in selecting 

AMF communities. There have been no comparable studies in grapevine, however similar 

findings were observed in citrus where distinguishable AMF community structures were 

observed between rootstocks/scions in the same orchard (Song et al. 2015).  
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 Many studies have also compared AMF association/variation with different plant 

species within a plant community or between different ecosystems (Davison et al. 2011; 

Alguacil & Roldan 2012; Veresoglou and Rilling 2014; Ciccolini et al. 2016) as opposed to 

different genotypes with the same species or closely related plant of the same kind. The 

findings of this study suggest that rootstock parentage could influence the AMF community 

diversity in the Brancott vineyard associated with the different rootstock (mother vines). SO4 

and 5C originate from the same parentage (Vitis berlandieri x Vitis riparia) while Schwarzmann 

and 101-14 come from V. riparia x V.rupestris (natural hybrid) and V. riparia x V.rupestris 

(cross), respectively (Mackay et al. 2008). However, this was not the case for some rootstocks 

in the Muddy Water and Camshorn vineyards. In the Muddy Water vineyard rootstocks pairs: 

420A - Schwarzmann and 99R ς Riparia Gloire have similar AMF communities even though 

they have different parentages. One likely explanation is that the rootstock-scion (Pinot noir) 

interaction is interfering in the AMF community colonisation preference. This corresponds to 

the results of recent work on Citrus and Malus crops where it was shown that above ground 

genotype (scion type) exerts a greater impact on the AMF community structure and 

colonisation than that of the rootstock which indicates a strong relationship between above 

and below ground plant tissue (Song et al. 2015; Berdeni et al. 2018).   

 This study suggests that factors other than the rootstock/scion could also be 

influencing the AMF community colonisation of grapevine such as soil physicochemical 

properties and scion nutrient requirement. Colonisation by AMF has previously been shown 

to be influenced by soil biochemical properties (Zaller et al. 2011; Krishnamoorthy et al. 2014). 

In the present study, multivariate analysis of a representative soil sample for each rootstock 

in each site revealed that some soil factors were related to the AMF community found 

colonising the roots. Despite the clear relationship between soil P and AMF that is described 

in the literature phosphorus was not one of the soil factors related to the AMF community 

composition at each site. This may be because most vineyards around the world are rich in 

phosphorus due to remobilization from roots, wood and bark during times of high phosphorus 

demand (Jackson, 2014). It is reported that AMF can significantly contribute to P uptake in 

acidic soils where P uptake is very limited (Menge et al 1983; Smith et al. 2011). In this current 

study, the assessed vineyard soils have a pH range of 5.6 to 7.08, which is the recommended 

range for vine functioning and phosphorus availability (530 to 1000 mg/kg). Interestingly, the 



 
 
 
 
 

52 

multivariate analysis of the soil showed that pH, soil moisture and dry matter had a significant 

relationship with AMF communities across the three vineyard sites. pH values are linked to 

the increase (5.5 to 7.9) or the decrease (< 5.5) of AMF colonisation in grapevines (Nappi et 

al. 1985; Schreiner & Linderman 2005; Schreiner 2005). Soil moisture has also been shown to 

affect AMF colonisation in grapevine roots. As demonstrated in many studies, AMF have 

important role in increasing water uptake and improve stomatal regulation to alleviate the 

negative impact of drought (Auge et al. 2015; Begum et al. 2019). In recent studies, it was 

shown that changes in rainfall patterns had a significant effect on AM fungal community 

composition after approximately three years (Deveautour et al. 2018; Deveautour et al. 2019). 

Other studies also showed that the diversity of AMF in roots was significantly higher under 

soil moisture regime of 15 ς 20% (Herold et al. 2014; Deepika & Kothamasi 2015) and more 

abundant under drier conditions (Guenet et al. 2012). This corresponds with the results of the 

current study where the diversity of AMF was high in soils with a moisture content between 

5% and 26% across all sites.   

 This study also demonstrated that other soil factors such as cation exchange capacity, 

organic carbon, nitrogen content and organic matter had a significant relationship with AMF 

communities but only in the Muddy Water and Camshorn Vineyards where the rootstocks are 

grafted into Pinot noir variety. This suggests that the scion genotype is exerting a significant 

effect on the biological activity and soil habitat of the roots as demonstrated in studies on 

grapes and other crops (Schreiner 2003; Song et al. 2015; Berdeni et al. 2018). Schreiner 

(2003) suggested that AMF colonization may be associated with the potential growth of the 

scion on different grapevine rootstocks (Ruggeri 140, Kober 5BB & SO4) and that the crop load 

on grapevine and soil moisture have a large influence on AMF colonisation and nutrient 

exchange between the plant and fungus. This is likely to affect different AMF differently 

thereby affecting the communities. A study on Citrus trees found that the effect of soil 

properties such as pH and soil organic matter on AMF were more influenced by the scion type 

than rootstock cultivar (Song et al. 2015). In this study, these factors significantly affected the 

AMF communities identified in both the Muddy Water and Camshorn vineyard sites but not 

in the Brancott vineyard. This may be due to the presence of different AMF communities in 

these sites. It was also revealed that cation exchange capacity (CEC) was linked to AMF 

communities in grapevine in the Muddy Water and Camshorn vineyards, which was also 
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observed by Bouffaud et al. (2016) where CEC was significantly correlated to mycorrhizal 

community diversity. 

 This study has successfully optimised a clearing and staining protocol for the clear 

visualisation of AMF colonisation within the melanised and darkly pigmented grapevine roots. 

The work systematically evaluated twelve different treatment combinations to determine the 

most effective combination of clearing and staining methods reported in the literature 

(Brundrett et al. 1996, Brundrett 2008; Oliviera et al. 2009).  The most effective method 

identified in this study was the incubation of grapevine roots in 70% ethanol overnight and 

the use of 10% potassium hydroxide improved the clearing of the roots when subsequently 

stained overnight in Trypan Blue. This method has also been recently tested and shown to be 

effective for staining AMF colonising apple roots (Merriam Toalak, pers comm). Trypan blue 

staining procedure was selected in this study as it is still considered a standard in the field for 

almost fifty years (Philips and Hayman 1970). It was evident that using 10% potassium 

hydroxide at 121°C helped in clearing the root compared to the usage of 2% KOH which came 

in confirmation with Brundrett et al. 1996 and Oliviera et al. 2009 work. However, after 

staining in Trypan blue, the roots did not show defining AMF features due to background 

staining that is explained by the presence of remaining cytoplasm and secondary metabolites 

found in grapevine roots (Vierheilig et al. 2005; Weidner et al. 2009). Moreover, Trypan blue 

stain tends to bind to phenolic compounds which are also common in vines such as melanins 

in hyphal walls as well as plant cell walls (Weidner et al. 2009). AMF features started to appear 

in roots when 3% H2O2 was used following 10% KOH, however, bleaching with hydrogen 

peroxide did not remove the remaining melanins in cleared grapevine roots as mentioned by 

Oliviera et al. (2009). In order to clear the background from phenolic-like materials, the roots 

were immersed in 70% ethanol overnight prior to the clearing process which helped in 

sterilising and softening the roots (Vierheilig et al. 2005; Brundrett 2008). Incubating the roots 

in ethanol enabled potassium hydroxide to penetrate root tissues and eliminate all unwanted 

background leaving AMF features visible to quantify. Staining the roots with a weak Trypan 

Blue solution (0.05%) overnight was recommended for better results. To ensure that Trypan 

Blue stain is permanent, the roots were stored in lactoglycerol for longer preservation period 

compared to other stains such as acid fuchsin and cotton blue which fade rapidly when 
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exposed to microscope bright light producing low-contrast images as suggested by Brundrett 

et al. (1984). 

 The root assessment for percentages of mycorrhizal colonisation in trap cultures with 

low phosphorus availability revealed that grapevines had a high dependency on AMF as all 

assessed roots were efficiently colonised by AMF. This was in agreement with reports that 

plant species dependency on AMF vary with crop species/cultivars and with environmental 

conditions (Kirchmann & Bergstrom 2008). It was also shown that the receptiveness of the 

plant species to colonisation varied between the three plant species with 70-80% colonisation 

in plantain, 60-75% in white clover and 40-65% in grapevines. The high variation in the 

colonisation rate in grapevines across pots could be explained in that grapevine rootstocks 

have different colonisation patterns and mycorrhizal receptiveness as proposed by 

Karagiannidis et al. (2002) where the colonisation rate in their study ranged from 46 to 76% 

according to the rootstock. Moreover, we found that most plantain root samples assessed in 

this study were frequently colonised by DSE. This suggests that plantain is a potential host 

plant for this endophyte as was also shown in a study by Gucwa-Przepióra et al. (2016). Since 

the seeds of both plantain and white clover were surface sterilised and there is no evidence 

in the literature that DSE are seed borne, the source of DSE is therefore likely to be the 

rhizoplane soil associated with the grapevine roots as the roots used for inoculation were 

washed but not sterilised. The absence of DSE colonisation in grapevine and white clover roots 

might have been affected by the phylogenetic features of the host plant which play an 

important role in colonisation (Sivakumar 2013; Liu 2017). Alternatively, the lack of DSE 

colonisation could be related to environmental stresses (Deram et al. 2011) which is likely in 

this study as plants were exposed to high temperature (above 30°C) during the summer 

growing period which caused stress and death of some vines. The co-occurrence of AMF and 

DSE has been reported before in many plant roots including plantain roots and it was 

suggested that both endophytes provide similar ecological services such as heavy metal stress 

mitigation and improving plant fitness and physiology (Likar & Regvar 2013; Wang et al. 2016; 

Gucwa-Przepióra et al. 2016). Although DSEs are cosmopolitan and some DSE taxa could occur 

in unrelated biomes (Mandyam & Jumpponen 2005), their presence on grapevine has not 

been confirmed. Studies have also suggested that there is at least some environmental 

selection in the distribution of DSEs (Verma et al. 2017). Whether DSEs are able to colonise 
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grapevine roots under New Zealand vineyard conditions and the potential benefits they 

provide warrant further study. 

 In conclusion, this study represents the first comprehensive analysis of the community 

composition and structure of AMF in symbiosis with grapevine roots in New Zealand. Not only 

were the major AMF communities that are associated with grapevine identified but also the 

results revealed a strong impact of the rootstock on the selection of specific AMF 

communities. Specific soil factors that showed a significant relationship with AMF in vineyards 

were also uncovered. This study has also provided an optimised technique for clearing and 

staining grapevine roots or any other pigmented roots to enable AMF observations to be 

carried out, which will be used in the remainder of the study. Therefore, this study provides a 

firm foundation for future research exploring the beneficial use of AMF in enhancing 

grapevine production. This Chapter is linked to the next Chapter which investigated whether 

the AMF communities associated with a grapevine cultivar provide beneficial effects to that 

cultivar.  

 
A part of this chapter has been published: Moukarzel, R., Ridgway, H. J., Guerin-Laguette, A., 
& Jones, E. E. (2020). An improved clearing and staining protocol for evaluation of arbuscular 
mycorrhizal colonisation in darkly pigmented woody roots. New Zealand Plant Protection, 73, 
33-39.  
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Chapter 3 

Effect of AMF communities on growth and nutrient uptake by 

different grapevine rootstocks. 

 Introduction 

AM fungi (AMF) are obligate biotrophs and produce arbuscules which help stimulate 

nutrient uptake in plants, resulting in increased host plant vigour (Prasad et al. 2017). 

Inoculating plants with AMF can enhance the concentration of various essential macro-

nutrients (N, P, K, Ca, and S) in the plant tissue which leads to an increase in the photosynthate 

production and biomass accumulation (Chen et al. 2017; Mitra et al. 2019). AMF colonisation 

of roots helps to increase the P concentration in both root and shoot systems, even under P 

limited conditions (Bucher 2007; Al-Hmoud & Al-Momany 2017). In addition to their effect on 

macro-nutrient uptake, AMF also increase the availability of micronutrients like zinc and 

copper (Smith & Read, 1997). However, AMF have a considerable carbon cost for the host 

Ǉƭŀƴǘ ό.ŜƎǳƴ Ŝǘ ŀƭΦ нлмфύΣ ǊŜŎŜƛǾƛƴƎ п ǘƻ нл҈ ƻŦ ǘƘŜ ǇƭŀƴǘΩǎ ǇƘƻǘƻǎȅƴǘƘŜǘƛŎŀƭƭȅ ŦƛȄŜŘ / ό{ƳƛǘƘ ϧ 

Read 2008). Consequently, when mycorrhizal costs surpass the nutritional benefit to the host, 

a negative growth response can happen (Smith et al. 2011). This effect has also been observed 

in grapevine where a negative growth response was reported in the first two month of 

colonisation with Glomus etunicatum (Mortimer et al. 2004; Trouvelot et al. 2015). 

Grapevines are known to form mycorrhizal associations with AMF under normal 

vineyard conditions (Schubert and Cravero 1985; Karagiannidis & Nikolaou 1999). Several 

studies have shown that grapevines were reliant on AMF for an increase in growth and 

development (Menge et al. 1983; Linderman and Davis 2001; Karagiannidis et al. 2007). 

Moreover, five weeks after inoculation of grapevines with either Rhizophagus intraradices (as 

Glomus intraradices) or F. mosseae (as Glomus mosseae) shoot biomass had increased 

compared with uninoculated grapevines (Cangahuala-Inocente et al. 2011). In another study, 

shoot and root growth in grapevines rootstocks (Gloire, St. George, 3309C) inoculated with 

Gigaspora margarita was significantly higher than that in the uninoculated grapevines 

(Motosugi et al. 2002). AMF colonization has also been shown to increase the photosynthetic 

rates in grapevine (Mortimer et al. 2004). Although the increased growth of grapevines has 
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been related to enhanced P uptake from the soil (Biricolti et al. 1997; Petgen et al. 1998), 

uptake of other nutrients such as Cu, Zn and Fe have also been increased by AMF in different 

grapevine cultivars (Petgen et al. 1998; Karagiannidis & Nikolaou 1999; Linderman & Davis 

2001; Schreiner et al. 2007).  

Several studies which looked at the physiological effect of specific AMF species on 

grapevines showed that the relative increase in plant growth can be AMF species specific 

(Schreiner 2005; Ridgway et al. 2006; Cangahuala-Inocente et al. 2011). Grapevines inoculated 

with F. mosseae (as G. mosseae) had higher root biomass compared to grapevines inoculated 

with R. intraradices (as G. intraradices) and the non-inoculated ones (Cangahuala-Inocente et 

al. 2011). Another study showed that grapevines (Chardonnay) inoculated with a commercial 

preparation containing three Glomus spp. had higher root and shoot growth compared to 

grapevine inoculated with F. mosseae alone (Ridgway et al. 2006). In another example, 

grapevine cuttings inoculated with each of two F. mosseae isolates that had been recovered 

from two different soils revealed that only the isolate native to the high P soil enhanced Cu 

and S uptake (Schreiner 2005). It is reported that the positive effect of mycorrhizal fungi on 

plant growth parameters is dependent on the inoculum diversity and composition, and several 

studies have shown that a mixture of AMF species is more effective than a monospecific 

inoculum (Jansa et al. 2008; Sharma et al. 2009; Gogoi & Singh 2011). A mixed AMF species 

inoculum was reported to increase leaf number, leaf surface area and total phenolics in 

grapevines compared with a single species inoculum (Krishna et al. 2005).  

The AMF-dependent enhancement of grapevine growth seems to vary with the 

rootstock and AMF species combination (Lindermann and Davis 2001; Bleach et al. 2008; 

Nogales et al. 2009; Cangahuala-Inocente et al. 2011). In a pot experiment, Bleach et al. (2008) 

showed that both F. mosseae (as G. mosseae) and Acaulospora laevis had beneficial effects 

on rootstock growth, however this effect was specific for particular rootstock and AMF species 

combinations. Also, in the same study but under field conditions, inoculation of grapevine 

rootstocks 101-14 and 5C with a mix of the two species increased growth under low black foot 

disease pressure (Bleach et al. 2008). In another study, it was shown that grapevine response 

to AMF inoculation with R. intraradices (as G. intraradices) was influenced by the intrinsic 
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characteristics of the vineyard soil, the rootstock used and the time after planting (Nogales et 

al. 2009).   

The AMF communities associated with vineyard soils or grapevine roots have been 

described in several studies (Schreiner and Mihara 2009; Lumini et al. 2010; Holland et al. 

2013; review by Trouvelot et al. 2015). However, most of these previously referred to studies 

have focussed on the effects of individual AMF species. There have been no studies reported 

in the literature that have investigated the effect of different AMF communities on grapevine 

growth. Therefore, this is the first study to investigate the growth response of different 

grapevine rootstocks to different AMF communities. The identification of AMF communities 

associated with different grapevine rootstocks has been addressed in Chapter 2 of this thesis 

with the results showing that not only do different rootstocks harbour different AMF 

communities but that AMF diversity also differ in the different vineyard sites. In this chapter, 

the effect of different AMF communities on grapevine growth parameters and nutrient uptake 

of three commercial rootstocks (101-14, Schwarzmann and 5C) that were shown to influence 

AMF community structure in Chapter 2 were investigated in a series of grapevine pot 

ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ Ǉƻǘ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǎŜǘ ǳǇ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ 

the different rootstock responses when planted in their own and other rootstocks AMF 

communities. Two of these experiments took into consideration the AMF spore abundance 

while the other one focused on the relative spore abundance of different species within the 

community. 
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 Materials and methods 

 Planting material 

One-year-old dormant cuttings (about 30 cm long) of the selected grapevine 

rootstocks cultivars (101-14, Schwarzmann and 5C) were obtained from Riversun Nursery in 

Gisborne, New Zealand. The cuttings were rooted in sterilized pumice under a mist 

propagation-bottom heat system in the propagation house at the Lincoln University nursery 

during late spring 2018 (Figure 3.1). 

 

Figure 3.1. One-year-old dormant grapevine cuttings from three rootstocks cultivars (101-14, 
Schwarzmann and 5C) planted in pumice for root development. A: rootstocks under a mist 
propagation-bottom heat system to promote rooting.  B: Rootstock cuttings with developed roots  

 Experimental design 

Three seperate pot experiments were set up in the greenhouse in early summer 2018.  

3.2.2.1. Pot experiment 1 (a, b & c) 

The AMF communities associated with the three main rootstocks (101-14, 

Schwarzmann and 5C) from each vineyard site were selected for this pot experiment based 

on the spore abundance results and the differences in AMF communities determined in 

Chapter 2.  For the experiments using the AMF communities associated with the Brancott 

ό9ȄǇŜǊƛƳŜƴǘ мŀύ ŀƴŘ aǳŘŘȅ ²ŀǘŜǊ ό9ȄǇŜǊƛƳŜƴǘ мŎύ ǾƛƴŜȅŀǊŘǎ ǘƘŜ ǎŀƳŜ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ 

design was followed with one soil type across each vineyard while in the Camshorn vineyard 

ό9ȄǇŜǊƛƳŜƴǘ мōύ ǘƘŜ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ŜȄǇŜǊƛƳŜƴǘ ŘŜǎƛƎƴ ǘƻƻƪ ƛƴǘƻ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ǘƘŜ !aC 

communties associated with the two soil types (2 & 3) in the vineyard as shown in Table 3.1. 
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Table 3.1 Home and away experimental layouts for AMF communities from the Brancott (Experiment 
1a) and Muddy Water (Experiment 1c) vineyards (left) and Camshorn (Experiment 1b) vineyard (right). 

Rootstocks AMF 
communitiy 

Community 
status 

101-14 (soil 2) 1 Home 

101-14 (soil 2) 3 Away 

Schwarzmann (soil 2)  3 Home 

Schwarzmann (soil 2) 1 Away 

101-14 (soil 3) 1 Home 

101-14 (soil 3) 3 Away 

Schwarzmann (soil 3) 3 Home 

Schwarzmann (soil 3) 1 Away 

 

1 = AMF community from 101-14; 2 = AMF community from 5C; 3 = AMF community from Schwarzmann. 

The rooted grapevine cuttings were planted into black polyethylene planter bags 

(20×30 cm) filled with growing media (20% silica sand and 80% low P potting mix containing 

fertilisers: osmocote 38-0-0, osmocote 0-0-32, horticultural lime, micromax and hydraflo). For 

Brancott and Muddy Water experiments, mycorrhizal inoculation was performed using 20 g 

of AMF spore inoculum harvested from pot cultures in Chapter 2, while for the Camshorn 

experiment, 40 g of AMF spore inoculum was used in order to ensure spore abundance (5 

spores/g, 100 spores/pot) was the same across all three experiments. For each pot, the 20 g 

culture media was sieved using a 2 mm soil sieve. Bark, pumice, roots and hyphae were 

removed to insure that only the AMF spores are present in the inoculum. The planting bags 

were 2/3 filled with growing media,  a small identation made in the growing media in the 

centre of the bag, and the AMF spore inoculum was placed into the hole. The grapevine 

rootstock was placed in the center of the bag, so that the roots were in contact with the 

inoculum. Then, growing media was used to fill the planting bag. Ten replicates were set up 

for each treatment, and these were arranged in a randomised block design (5 blocks) with 2 

replicates/treatment in each block on metal wire tables in a glasshouse at Lincoln University 

(Figure 3.2). Uninoculated controls (10 replicate per rootstock) potted up in the growing media 

with no AMF inoculum were included, and were randomly distributed among the blocks to 

determine if any cross-contamination occurred. The grapevines were hand watered as 

required, taking care to avoid cross contamination between treatments. No fertilizer was 

applied during the experiment.  The experiments were set up in mid December 2018 and the 

plants were grown for 5 months under normal light levels. The temperature inside the 

Rootstocks AMF 
communitiy 

Communit
y status 

101-14 1 Home 

101-14 2 Away 

101-14 3 Away 

5C 2 Home 

5C 1 Away 

5C 3 Away 

Schwarzmann 3 Home 

Schwarzmann 2 Away 

Schwarzmann 1 Away 
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greenhouse over this period ranged from 15 to 25°C. Any flowers or fruits that were produced 

were removed from the plants.  

 

Figure 3.2 Grapevines plants placed on metal wire tables in a glasshouse at Lincoln University following 
a randomised block design. 

3.2.2.2. Pot experiment 2 

In this pot experiment two rootstocks (Schwarzmann and 5C) were selected based on 

the differences in AMF community in the Brancott Vineyard determined in Chapter 2. Pot 

cultures of both Schwarzmann and 5C were observed to have spore morphotypes 1, 2 and 5 

corresponding to Funneliformis sp., Ambispora sp. and Claroideoglomus sp. Schwarzmann pot 

cultures also had morphotype 3 (Glomus sp. 1) and 5C morphotype 4 (Glomus sp. 2) as shown 

in Figure 3.3. To account for the differences in the relative abundance of the different spore 

morphotypes in the original pot cultures in this experiment each pot was inoculated with 100 

spores consisting of 25 spores of each morphotype. The spores were extracted and isolated 

as described in Section 2.2.6 from the previous pot cultures (Chapter 2). The isolated spores 

were separated into the different morphotypes under a stereo microscope and placed in 

separate vials. The AMF spore inoculum for each pot was then prepared by transfering 25 

spores from each morphotype from the vials onto a wet filter paper placed in a Petri dish. 

During planting, the filter paper containing the AMF spore inoculum was cut into four and the 

filter paper quarters placed on the surface of the growing media immediately under the roots 

of the grapevine cuttings to ensure a direct contact of the AMF inoculum with the roots. The 

bags were then filled with the same growing media. Ten replicates were set up for each 
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treatment and the experiment design was the same as previously described in Section 3.2.2.1 

but with only two rootstocks (Table 3.2). Uninoculated controls (10 replicates per rootstock) 

with no AMF inoculum were also included and were randomly distributed among the blocks 

to determine if any cross-contamination occurred. The experiment was set up in mid 

December 2018 and maintained for the five months experimental period as described for 

Experiment 1 (Section 3.2.2.1). 

 

Figure 3.3 AMF spore genera associated with rootstocks 5C and Schwarzmann from the Brancott 
Vineyard in the pot cultures. The scale bar represents 100 µm. 

 

Table 3.2 Home and away experimental layout for inoculation of rootstocks with AMF communities 
from the Brancott vineyard in Experiment 2. 

 

 
 

 
1 = AMF community from Schwarzmann; 2 = AMF community from 5C. 

3.2.2.3. Pot experiment 3 

In this pot experiment, Schwarzmann and 5C were selected based on the differences 

in AMF communities in Chapter 2 for the Muddy Water vineyard. These two rootstocks were 

inoculated with their own AMF community and the AMF inoculum associated with the seven 

other rootstocks from the pot cultures set up in Chapter 2, as shown below in Table 3.3.   

Table 3.3 Home and away experimental layout for inoculation of Schwarzmann and 5C rootstocks with 
AMF communities associated with different rootstocks from the Muddy Water vineyard in Experiment 
3. 

AMF Inoculum Source Rootstocks 

5C Schwarzmann 5C 

Schwarzmann Schwarzmann 5C 

420A Schwarzmann 5C 

99R Schwarzmann 5C 

3309C Schwarzmann 5C 

 AMF 
community 

Community 
Status 

Schwarzmann 1 Home 

Schwarzmann 2 Away 

5C 2 Home  

5C 1 Away 
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101-14 Schwarzmann 5C 

Fercal Schwarzmann 5C 

Riparia Gloire Schwarzmann 5C 

¢ƘŜ ǘǿƻ ΨƘƻƳŜΩ ŎƻƳƳǳƴƛǘƛŜǎ ǘǊŜŀǘƳŜƴǘǎ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǘƘŜ ǎƘŀŘŜŘ ŎŜƭƭ ŦƻǊ р/ ŀƴŘ {ŎƘǿŀǊȊƳŀƴƴ rootstocks. 

The grapevine rootstocks for each treatment combination were planted as described for 

Experiment 1 (Section 3.2.2.1) with 20 g of AMF spore inoculum from the pot cultures 

produced in Chapter 2. The spore inoculum levels for the treatments were relatively similar 

with approximately 100 spores per 20 g (Appendix A1). Ten replicates were set up for each 

treatment combination, and the experimental design and maintenance was as described 

previously (Section 3.2.2.1). The experiment was set up in mid December 2018 and harvested 

after five months growth as described for Experiment 1 (Section 3.2.2.1).    

 Assessments 

3.2.3.1.  Shoot measurements 

For each pot experiment, the shoot length of each grapevine plant was measured two 

and 10 weeks after establishment of the experiment in order to monitor the effect of AMF 

inoculation on plant shoot growth development during both the early AMF symbiosis 

establishment (two week assessment) and during later establishment (10 week assessment). 

The shoots were measured from the base of the shoot, at the point of attachment to the main 

rootstock cane, to the shoot tip using a tape measure. 

3.2.3.2. Chlorophyll content measurements 

The chlorophyll level in the leaves of each grapevine plant from each pot experiment was 

measured using a SPAD 502 Plus (Konica Minolta) chlorophyll meter. Lower, middle and upper 

leaves were selected for each plant. From each leaf, three separate measurements were taken 

of different regions on the upper leaf surface (base, middle and tip of the leaf). After recording 

the SPAD measurements, the chlorophyll concentration from representative plants of each 

rootstock was determined using the dimethylformamide (DMF) method to obtain a standard 

curve (Suzuki & Ishimaru 1990). Ten plant leaves that were exposed to full sun were selected 

from each rootstock cultivar to represent the range of SPAD measurements. For each leaf, the 

SPAD measurement was taken and using a pen an outline on the leaf was marked where the 

SPAD measurement had been taken. From this marked area, a leaf disc was removed using a 

cork borer and the disc submerged in a pre-labelled 15 mL Falcon tube containing 5 mL 
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undiluted DMF (Sigma-Aldrich). The tubes were closed tightly and stored in a plastic box lined 

with tinfoil to prevent photodegration of the chlorophyll when exposed to light. The tubes 

were incubated overnight in a dark cupboard at room temperature to allow chlorophyll 

extraction into the DMF solvent. The absorbance of the extracts were then measured in a 

spectrophotometer (UV-VIS Model UV-1280) using quartz cuvettes with undiluted DMF as a 

blank. The absorbance at 664.5 nm and 647.0 nm was recorded for each sample. The 

equations developed by Inskeep & Bloom (1985) were used to determine the chlorophyll a 

(Chl a) and chlorophyll b (Chl b) levels as follow: 

Chl a = 12.7*A664.5 ς 2.79*A647, 

Chl b = 20.7*A647 ς 4.62*A664.5, 

Total Chl = 17.90*A647 + 8.08*A664.5 

Where Chl = chlorophyll concentration in milligrams per litre, and A664.5 = absorbance at 
664.5 nm and A647 = absobance at 647 nm.  

For each rootstock a calibration curve was then produced using the SPAD 

measurements and the corresponding chlorophyll concentrations, and the results were 

plotted in Excel.  From this a R-squared value and line of best fit equation were generated 

(Appendix B1) 

 Harvesting process 

On the day of harvest, the plants were removed from the plastic bags. The shoots were 

cut from the stem, placed in labelled paper bag and weighed after being dried in an oven at 

60°C for 48 h. The roots of each plant were thoroughly washed and then cut at the base of the 

stem. Root samples (approximately 0.2 g) from three randomly selected plants per treatment 

were cut using a scissors and placed in a sterile 15 mL Falcon tube. The remaining roots from 

each plant were then placed in labelled paper bags and dried in the oven at 60°C for 48 hrs. In 

the lab, two root pieces were taken from each Falcon tube and stored in Universal bottle at 

4°C until used for mycorrhizal colonisation assessment.  

3.2.3.1. AMF colonisation confirmation 

Roots that were stored in Universal bottles in the fridge at harvest were stained with 

trypan blue in lactic acid as previously described in Chapter 2, Section 2.2.5.1.  
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3.2.3.2. Biomass assessment 

Total biomas (shoot and root dry weight) and root:shoot ratio were determined for 

each plant. 

3.2.3.3. Leaf macro- and micronutrients  

Dried leaf samples (0.2 g) from the same 3 replicate plants used for determining AMF 

colonisaiton of roots for each treatment were ground and placed inside a Teflon PFA® and 

kevlar shielded vessel. The exact weight of each dry sample was recorded and 2 mL trace 

element grade nitric acid (69%; Sigma-Aldrich) with 2 mL of 30% hydrogen peroxide were 

added. The vessels were sealed using a lid and vortexed to ensure the acids and sample were 

well mixed. A blank sample without any dry leaf material was included in each batch (40 

samples). The vessels were then loaded into the turntable and placed into the microwave 

cavity of a CEM MARS Xpress machine which has an operator selectable output of 0 ς 1600 

watts ± 15% (by IEC, International Electrical Conference method). Once in the MARS Xpress 

(CEM corporation, North Carolina, USA), the samples were subjected to rapid heating and 

elevated pressures, causing the sample to digest or dissolve in a short time. The plant digest 

program was set as follow: ramp to 90°C over 15 min, hold for 5 min and then ramp to 180°C 

over 10 min, hold for 15 min. Concentrations of micro- (B, Cu, Fe, Mn and Zn) and macro- (Ca, 

K, Mg, P and S) nutrients were determined using the pre-calibrated CEM MARS Xpress 

machine. After analysis, the data was expressed as ppm.  

 Data analysis 

¢ƘŜ ŜŦŦŜŎǘǎ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘΣ ǊƻƻǘǎǘƻŎƪǎ ŀƴŘ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ 

grapevine growth parameters, nutrient uptake and chlorophyll content were analyzed in R 

statistic software using ANOVA. The results showing significant differences/interactions were 

plotted in Sigma plot and graphs were created. The inderect effect of AMF on chlorophyll 

content increase was examined using the Pearson correlation test of chlorophyll and macro- 

and micro- nutrient concentrations in grapevine leaf samples for the three experiments. 
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 Results  

 AMF colonisation confirmation in roots  

No AMF colonisation was observed in any of the grapevine roots stained with trypan 

blue for any of the uninoculated control plants in any of the experiments. Root cells were not 

colonised with any arbuscules and no visible AMF structures was observed (Figure 3.4, A) 

confirming the non-AMF colonisation status of the uninoculated controls throughout the 

experiments. AMF colonisation was confirmed by the presence of vesicles, arbuscules and 

hyphae (Figure 3.4, B) in all roots sampled from the AMF inoculated rootstock treatments in 

all the experiments. 

 
Figure 3.4 Representative micrographs of confirmation of AMF colonisation of Trypan blue stained 
grapevine roots. A: Uninoculated control grapevine roots showing no AMF colonisation of root cells. 
B: Grapevine root of an AMF inoculated rootstock showing typical AM typical AMF colonisation. V: 
vesicle, A: arbuscules, H: hyphae. The scale bar represents 100 µm. 

 Shoot growth 

 There was no significant effect of AMF community on shoot growth in either the early 

(two weeks) or later (10 weeks) establishment periods (Appendix B2) in experiments 1a 

(p=0.965, 0.455), 1b (p=0.829, 0.821), 1c (p=0.457, 0.245), 2 (p=0.813, 0.698) and 3 (p=0.636, 

0.235). There was no significant effect of rootstock on shoot growth in both the early and later 

establishment periods in experiments 1a (p=0.516, 0.479) and 1b (p=0.195, 0.829). Rootstock 

had a significant effect on shoot growth in both the early and later establishment periods in 

experiments 1c (p<0.001, <0.001), 2 (p=0.004, 0.046) and 3 (p=0.001, 0.003). In Experiment 

1c, shoot growth of rootstock Schwarzmann was significantly higher (by 30%) compared to 5C 
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in the early establishment period (Figure 3.5, A). In the same experiment, shoot growth of 

both 101-14 and Schwarzmann rootstocks were significantly higher (by 75% and 70%, 

respectively) compared to 5C at the later establishment assessment (Figure 3.5, A). In 

Experiment 2, Schwarzmann rootstock had significantly higher shoot growth than 5C 

rootstock, by 20%, in the early establishment period and 5C rootstock had significantly higher 

shoot growth (by 20%) compared to Schwarzmann rootstock in the later establishment period 

(Figure 3.5, B). For Experiment 3, Schwarzmann rootstock showed a significant increase of 50% 

and 40% compared to 5C rootstock in the early and later establishment periods, respectively 

(Figure 3.5, C).  

 

Figure 3.5 Effect of rootstocks on shoot growth in Experiments 1c (A), 2 (B) and 3 (C) where rootstocks 
(101-14, 5C and Schwarzmann) were inoculated with their own AMF communities and the AMF 
communities of other rootstocks, assessed 2 (early establishment) and 10 (later establishment) weeks 
after inoculation. Experiment 2 had equal number of spores of each morphotype whilst for 
experiments 1c and 3 spore abundance reflected the relative abundance of each morphotype in the 
original pot cultures. Bars with different letters are significantly different (p Җ лΦлр). Error bars show 
±1SE. 

 Total chlorophyll content  

Separate standard curves were produced for each rootstock and the linear equation 

used to calculate the total chlorophyll content from the SPAD measurements were different 

for each rootstock (Appendix B1). The detailed summary of the statistical analysis for total 

ŎƘƭƻǊƻǇƘȅƭƭ ŎƻƴǘŜƴǘ ƛƴ ƎǊŀǇŜǾƛƴŜ ƭŜŀŦ ǎŀƳǇƭŜǎ ǿƛǘƘ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘΣ 

AMF community, rootstock and their interaction for the three experiments (Exp. 1a, 1b & 1c, 

2 & 3) is presented in Appendix B3. There was no significant effect on total chlorophyll content 

between ΨƘƻƳŜΩ and ΨŀǿŀȅΩ treatment in any of the three experiments (1a, 1b, 1c, 2 & 3; 

p=0.183, 0.5692, 0.6536, 0.9023 and 0.7327, respectively). In Experiment 1a the AMF 

communities did not have any significant effect (p=0.53) on total chlorophyll content. 
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However, a significant difference (p<0.001) was observed between the rootstocks. The 

chlorophyll content was significantly higher in Schwarzmann rootstock (by 25%) compared to 

5C rootstock. No significant difference was observed in the total chlorophyll content of 

rootstock 101-14 compared with the other two rootstocks (Figure 3.6, A). The AMF 

communities had a significant effect (p<0.001) on total chlorophyll content in Experiment 1b 

where the chlorophyll content in the leaves of rootstocks inoculated with AMF from 

Schwarzmann was 10% higher compared with in the leaves of rootstocks inoculated with AMF 

from 101-14 (Figure 3.6, B). Similar to Experiment 1a, there was a significant effect (p<0.001) 

of rootstock on the total chlorophyll content in Experiment 1c. The chlorophyll content in 

Schwarzmann rootstock leaves was significantly higher than for 101-14 and 5C rootstocks, by 

15% and 25%, respectively (Figure 3.6, C). The rootstocks in Experiment 2 had a significant 

effect (p<0.001) on total chlorophyll content, where the chlorophyll content in Schwarzmann 

leaves was 27% higher than in rootstock 5C (Figure 3.6, D). There was no significant effect 

(p=0.30) of AMF community on chlorophyll content in this experiment. For Experiment 3, both 

the AMF community and the rootstock had a significant effect (p=0.0027 and p<0.001, 

respectively) on the total chlorophyll content. Rootstocks inoculated with AMF communities 

from Schwarzmann and Riparia Gloire had 5% and 8% higher chlorophyll content than 

rootstocks inoculated with AMF communities from 101-14 (Figure 3.6, E). There was no 

significant difference in the chlorophyll content of rootstocks inoculated with the other AMF 

communities compared with rootstocks inoculated with AMF communities from 101-14, 

Riparia Gloire or Schwarzmann. The chlorophyll content in Schwarzmann leaves was 26% 

higher compared to 5C rootstock (Figure 3.6, F). 
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Figure 3.6 Effect of AMF and rootstock on total chlorophyll content in leaves in Experiment 1a (A), 1b 
(B), 1c (C), 2 (D) and 3 (E & F) where rootstocks were inoculated with their own AMF communities and 
the AMF communities of other rootstocks. Experiment 2 had equal number of spores of each 
morphotype whilst for the other experiments (1a, b, c and 3) the spore abundance reflected the 
relative abundance of each morphotype in the original pot cultures. Bars with different letters are 
significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 
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 Biomass analysis at harvest 

The summary statistical analysis is presented in Appendix B4. In Experiment 1a, there 

were no significant ŜŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘǎ ƻƴ ǎƘƻƻǘ ŘǊȅ ǿŜƛƎƘǘ (p= 0.7066), 

root dry weight (p=0.6565), total biomass (p=0.5292), and root:shoot ratio (p=0.9231) of 

rootstocks inoculated with AMF communities from the Brancott vineyard (Figure 3.7), where 

each of the three rootstocks (101-14, 5C and Schwarzmann) were inoculated with their own 

AMF communities and AMF communities of the other rootstocks.  

 

Figure 3.7 9ȄǇŜǊƛƳŜƴǘ мŀΦ 9ŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ ǎƘƻƻǘ ό!ύ ŀƴŘ Ǌƻƻǘ ŘǊȅ 
weight (B), total biomass (C) and root:shoot (D) ratio where rootstocks (101-14, 5C and Schwarzmann) 
were inoculated with their own AMF communities and the AMF communities of other rootstocks. AMF 
spore abundance reflected the relative abundance of each morphotype in the original pot cultures. 
Bars with different letters are significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ bars show ±1SE. 
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Similarly, for experiment 1b there were no significant effect (pҔлΦлрύ ƻŦ ΨƘƻƳŜΩ ŀƴŘ 

ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘ ƻƴ ŀƴȅ ƻŦ ǘƘŜ ŀǎǎŜǎǎŜŘ Ǉƭŀƴǘ ƎǊƻǿǘƘ ǇŀǊŀƳŜǘŜǊǎ ŦƻǊ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ 

with AMF from the Camshorn vineyard (Figure 3.8) where each of the two rootstocks (101-14, 

Schwarzmann) from two different soil types were inoculated with their own AMF communities 

and AMF communities of the other rootstock.  

 

Figure 3.8 9ȄǇŜǊƛƳŜƴǘ мōΦ 9ŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ ǎƘƻƻǘ ό!ύ ŀƴŘ Ǌƻƻǘ ŘǊȅ 
weight (B), total biomass (C) and root:shoot (D) ratio in where rootstocks (101-14, 5C and 
Schwarzmann) were inoculated with their own AMF communities and the AMF communities of other 
rootstocks. AMF spore abundance reflected the relative abundance of each morphotype in the original 
pot cultures. Bars with different letters are significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 

 

In experiment 1c both shoot and root dry weight were significantly higher in the 

ΨƘƻƳŜΩ ǘǊŜŀǘƳŜƴǘǎ ŦƻǊ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ !aC ŦǊƻƳ ǘƘŜ aǳŘŘȅ Water vineyard 

όCƛƎǳǊŜ оΦфΣ ! ϧ .ύΣ ōŜƛƴƎ нл҈ ƘƛƎƘŜǊ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘΦ ¢ƻǘŀƭ ōƛƻƳŀǎǎ ǿŀǎ 

also significantly higher (p=0.01251) for rootstocks inoculated with AMF from the Muddy 

²ŀǘŜǊ ǾƛƴŜȅŀǊŘ ƛƴ ǘƘŜ ΨƘƻƳŜΩ ǘǊŜŀǘƳŜƴǘǎΣ ōŜƛƴƎ но҈ ƘƛƎƘŜǊ ŎƻƳpared with the away 
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treatment (Experiment 1c: Figure 3.9, C). However, there was no significant difference 

(pҐлΦлфлнфύ ōŜǘǿŜŜƴ ǘƘŜ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘǎ ƻƴ ǊƻƻǘΥǎƘƻƻǘ Ǌŀǘƛƻ όCƛƎǳǊŜ оΦфΣ 5ύΦ  

 

Figure 3.9 9ȄǇŜǊƛƳŜƴǘ мŎΦ 9ŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ ǎƘƻƻǘ ό!ύ ŀƴŘ Ǌƻƻǘ ŘǊȅ 
weight (B), total biomass (C) and root:shoot (D) ratio where rootstocks (101-14 & Schwarzmann) were 
inoculated with their own AMF communities and the AMF communities of other rootstocks. AMF spore 
abundance reflected the relative abundance of each morphotype in the original pot cultures. Bars with 
different letters are significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 

 

In experiment 2, which had equal number of spores of each morphotype in comparison 

to the other experiments (1a, 1b, 1c and 3) where the relative abundance of the different 

spore morphotypes reflected that in the initial pot cultures. There was no significant effect of 

ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘǎ ƻn shoot dry weight (p=0.6078), root dry weight (p=0.7215) and 

biomass (p=0.6649) (Figure 3.10, A, B & C). However, there was a significant difference in 

root:shoot ratio (pҐлΦллфуύ ƛƴ ǘƘŜ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ 

ŎƻƳǇŀǊŜŘ ǘƻ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎΣ ǿƛǘƘ ǊƻƻǘΥǎƘƻƻǘ Ǌŀǘƛƻ ōŜƛƴƎ нр҈ ƘƛƎƘŜǊ ƛƴ ΨƘƻƳŜΩ 

ŎƻƳǇŀǊŜŘ ǿƛǘƘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘǎ όCƛƎǳǊŜ оΦмлΣ 5ύΦ  
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Figure 3.10 9ȄǇŜǊƛƳŜƴǘ нΦ 9ŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ ǎƘƻƻǘ ό!ύ ŀƴŘ Ǌƻƻǘ ŘǊȅ 
weight (B), total biomass (C) and root:shoot (D) ratio where rootstocks (5C and Schwarzmann) were 
inoculated with their own AMF communities and the AMF communities of other rootstocks. 
Experiment 2 had equal number of spores of each morphotype. Bars with different letters are 
significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 

 

In Experiment 3 (Muddy Water) where both rootstocks (5C and Schwarzmann) were 

inoculated with their own AMF communities and the AMF communities of seven other 

rootstocks, all biomass parameters assessed were significant affected (pғлΦлрύ ōȅ ǘƘŜ ΨƘƻƳŜΩ 

ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘǎΦ wƻƻǘ ŀƴŘ ǎƘƻƻǘ ŘǊȅ ǿŜƛƎƘǘ ǿŜǊŜ мр҈ ŀƴŘ нл҈ ƘƛƎƘer 

ǊŜǎǇŜŎǘƛǾŜƭȅ ƛƴ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜƛǊ ΨƘƻƳŜΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 

Ψŀǿŀȅ ŎƻƳƳǳƴƛǘƛŜǎ όCƛƎǳǊŜ оΦммΣ ! ϧ .ύΦ ¢ƻǘŀƭ ōƛƻƳŀǎǎ ŀƴŘ ǊƻƻǘΥǎƘƻƻǘ Ǌŀǘƛƻ ǿŜǊŜ ǊŜǎǇŜŎǘƛǾŜƭȅ 

но҈ ŀƴŘ о҈ ƘƛƎƘŜǊ ƛƴ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜƛǊ ΨƘƻƳŜΩ !aC ŎƻƳƳǳƴƛties compared to 

ǘƘƻǎŜ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ ŎƻƳƳǳƴƛǘƛŜǎ όCƛƎǳǊŜ оΦммΣ / ϧ 5ύΦ  
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Figure 3.11 9ȄǇŜǊƛƳŜƴǘ оΦ 9ŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ ǎƘƻƻǘ ό!ύ ŀƴŘ Ǌƻƻǘ ŘǊȅ 
weight (B), total biomass (C) and root:shoot (D) ratio in where rootstocks (5C & Schwarzmann) were 
inoculated with their own AMF communities and the AMF communities of other rootstocks. AMF spore 
abundance reflected the relative abundance of each morphotype in the original pot cultures. Bars with 
different letters are significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 

 

!ŦǘŜǊ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘ ƻŦ άƘƻƳŜέ ŀƴŘ άŀǿŀȅέ !aC ǘǊŜŀǘƳŜƴǘ ƻƴ 

plant growth parameters, the effect of rootstock and AMF community and their interaction 

on these parameters were investigated for each experiment.  

Experiment 1a 

There was a significant effect (p=0.04219) of rootstock type on shoot dry weight. 

Rootstock 101-14 had significantly higher shoot dry weight compared to 5C, being 25% higher 

compared with 5C. No significant difference in shoot dry weight was observed for 

Schwarzmann compared to 101-14 or 5C rootstocks (Figure 3.12, A). Rootstock also 
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significantly affected (p=0.0013) the root:shoot ratio. The root:shoot ratio was significantly 

higher for 5C rootstocks compared to both 101-14 and Schwarzmann rootstocks, being 13% 

higher for 5C compared with both 101-14 and Schwarzmann (Figure 3.12, B). There was no 

significant effect of AMF community or interaction of AMF and rootstock on shoot dry weight 

(p=0.49961 and p=0.99148, respectively) or root:shoot ratio (p=0.9309 and p=0.9527, 

respectively) (Table A3.3). There was no significant effect of AMF or rootstock, or interaction 

between these on root dry weight (p=0.7109, p=0.1682 and p=0.9179, respectively) and total 

biomass (p=0.6559, p=0.1284 and p=0.9680, respectively) (Table A3.3).   

 

Figure 3.12 Effect of rootstocks on shoot dry weight (A) and root: shoot ratio (B) in 
experiment 1a where rootstocks (101-14, 5C and Schwarzmann) inoculated with their own AMF 
communities and the AMF communities of other rootstocks. AMF spore abundance reflecting the 
relative abundance of each morphotype in the original pot cultures. Bars with different letters are 
ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 

 

Experiment 1b 

The results revealed that there was only significant effect of AMF community on shoot 

dry weight (p=0.0293). The rootstocks inoculated with AMF communities from 101-14 had 

significantly higher shoot dry weight (by 17%) than when inoculated with the AMF 

communities from Schwarzmann (Figure 3.13, A). There was no significant effect of AMF 

community on total biomass (p=0.07987). There was no significant effect of rootstock on dry 

shoot weight or total biomass (Appendix B4). There were no significant effect of AMF, 

rootstock or their interaction on root dry weight (p=0.2079, p=0.0986 and p=0.1940, 
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respectively) and root:shoot ratio (p=0.1609, p=0.8023 and p=0.7716, respectively) (Table 

A3.3).   

 

Figure 3.13 Effect of AMF communities on shoot dry weight (A) and total biomass (B) in 
experiment 1b where rootstocks (101-14 & Schwarzmann) inoculated with their own AMF 
communities and the AMF communities of other rootstocks. Bars with different letters are 
significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ 

 

Experiment 1c 

Shoot dry weight and total biomass were significantly affected by the AMF community 

(p=0.0172 and p= 0.008136, respectively) and rootstock (p=0.04595 and p= 0.002908, 

respectively) (Appendix B4). Rootstocks inoculated with the AMF community from 101-14 had 

a significantly higher shoot dry weight (by 20%) than rootstocks inoculated with the AMF 

community from 5C. The shoot dry weight of rootstocks inoculated with AMF communities 

from Schwarzmann did not differ significantly from rootstocks inoculated with AMF 

communities from 101-14 or 5C (Figure 3.14, A). Shoot dry weight of Schwarzmann rootstocks 

was significantly higher (by 40%) compared with 5C rootstock, but neither significantly 

different from 101-14 (Figure 3.14, B). Total biomass was significantly higher (by 25%) in 

rootstocks grown in the AMF community from 101-14 compared with rootstocks inoculated 

with the AMF community from Schwarzmann. No significant difference in total biomass was 

observed for rootstocks inoculated with the AMF community from 5C (Figure 3.14, F). Total 

biomass was significantly higher for Schwarzmann rootstock (by 30%) compared with 5C and 

101-14 rootstocks (Figure 3.14, G). The results also showed that the AMF communities had a 
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significant influence (p=0.00233) on root dry weight. Rootstocks inoculated with the AMF 

community from 101-14 had 30% higher root dry weight than rootstocks inoculated with the 

AMF community from Schwarzmann but was not significantly different with rootstocks 

inoculated with the AMF community from 5C (Figure 3.14, D). There was a significant 

interaction between rootstock and AMF community on shoot (p=0.01742) and root dry 

weights (p=0.01742) and total biomass (p=0.016807) showing that the rootstocks significantly 

differ in their response to the different AMF treatments with respect to shoot and root dry 

weight and total biomass. Rootstocks 101-14 and 5C had significantly higher shoot dry weight, 

root dry weight and total biomass when inoculated into their own AMF communities 

ŎƻƳǇŀǊŜŘ ǘƻ ǿƘŜƴ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ άŀǿŀȅέ !aC ŎƻƳƳǳƴƛǘƛŜǎΦ IƻǿŜǾŜǊΣ {ŎƘǿŀǊȊƳŀƴƴ 

vines inoculated with the AMF community from 101-14 had the highest shoot and root dry 

weight and total biomasǎ ŎƻƳǇŀǊŜŘ ǘƻ ǿƘŜƴ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ!aC ŎƻƳƳǳƴƛǘƛŜǎ 

(Figure 3.14, C, E & H). Moreover, 5C rootstock was shown to have significantly lower shoot 

dry weight and total biomass when inoculated with the AMF communities from Schwarzmann 

(Figure 3.14, C, E & H). Root:shoot ratio was significantly influenced by rootstock. Rootstock 

5C had a 20% higher ratio than 101-14 and Schwarzmann (Figure 3.14, I).  
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Figure 3.14 Effect of AMF communities, rootstocks and their interaction on shoot dry weight 
(A, B, C), root dry weight (D, E), total biomass (F, G & H) and root: shoot ratio (I) in experiment 1c 
where rootstocks (101-14, 5C & Schwarzmann) inoculated with their own AMF communities and the 
AMF communities of other rootstocks. Bars with different letters are significantly different (p Җ 
0.05). Error bars show ±1SE. 

 

Experiment 2 

Rootstock had a significant effect (p<0.001) on shoot and root dry weight and total 

biomass. Schwarzmann had a significantly higher shoot dry weight (by 50%), root dry (by 52%) 

weight and total biomass (by 57%) compared to 5C (Figure 3.15, A, B & C). There was no 

significant effect of AMF community on any of the plant growth parameters (Appendix B4). 

The only observed significant interaction (p=0.0079) between AMF community and rootstock 

was on the root:shoot ratio. Rootstock 5C had a significantly higher (by 40%) root:shoot ratio 

when inoculated with its own AMF compared to inoculation with the AMF community from 

Schwarzmann. Inoculation with the different AMF communities had no significant effect on 

the root:shoot ratio for Schwarzmann (Figure 3.15, D). 
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Figure 3.15 Effect of rootstocks on shoot dry weight (A), root dry weight (B), total biomass 
(C) and root: shoot ratio (D) in experiment 2 where rootstocks (5C and Schwarzmann) inoculated 
with their own AMF communities and the AMF communities of other rootstocks. Experiment 2 had 
equal number of spores of each morphotype from the original pot cultures. Bars with different 
letters are significantly different (p Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9. 
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Experiment 3 

Shoot dry weight were significantly affected (p<0.00706) by the rootstock but not by 

the AMF community (p=0.33315). The shoot dry weight of Schwarzmann was 25% higher than 

that of 5C rootstock (Figure 3.16, A). Moreover, there was a significant interaction (p=0.0006) 

between AMF community and rootstock on shoot dry weight (Figure 3.16, B). Schwarzmann 

vines inoculated with AMF community from 5C had significantly lower shoot dry weight 

compared to Schwarzmann vines inoculated with AMF communities from 3309C (by 62%), 

101-14 (by 65%), 420A (by 70%) and Schwarzmann (by 75%). AMF community had no 

significant effect on the shoot dry weight of 5C.  

Root dry weight was significantly influenced (p<0.001) by the AMF communities. 

Rootstocks inoculated with AMF community from 5C had 25% lower root dry weight 

compared with rootstocks inoculated with AMF communities from 101-14, 420A and Fercal, 

and 30% lower root dry weight compared with rootstocks inoculated with AMF communities 

from 3309C respectively (Figure 3.16, C). There was a significant interaction (p<0.001) 

between AMF community and rootstocks on root dry weight (Figure 3.16, D). Schwarzmann 

vines inoculated with AMF community from 420A had significantly lower root dry weight 

compared to Schwarzmann vines inoculated with AMF communities from 5C (by 241%), 3309C 

(by 223%), 101-14 (by 205%), and Schwarzmann (by 235%).  

In addition, there was a significant interaction (p=0.00025) between AMF communities 

and rootstocks on total biomass. Schwarzmann vines inoculated with AMF community from 

5C had significantly lower total biomass compared to Schwarzmann vines inoculated with AMF 

communities from 3309C (by 63%), 101-14 (by 68%), 420A (72%) and Schwarzmann (by 77%). 

There was no significant effect of AMF community on biomass of 5C rootstock (Figure 3.16, 

E). Root:shoot ratio was only significantly influenced (p<0.00001) by rootstock (Figure 3.16, 

F). 5C vines has significantly higher ratio than Schwarzmann vines (by 15%).  



 
 
 
 
 

81 

 

 

Figure 3.16 Effect of AMF communities, rootstocks and their interaction on shoot dry weight 
(A & B), root dry weight (C & D), total biomass (E) and root: shoot ratio (F) in experiment 3 where 
rootstocks (101-14, 5C & Schwarzmann) were inoculated with their own AMF communities and the 
AMF communities of other rootstocks. Bars with different letters are significantly different (p Җ 
0.05). Error bars show ±1SE. 

 Macro- and micro-nutrients uptake  

The statistical analysis for macro- and micro- nutrient in grapevine leaf samples with the 

ŜŦŦŜŎǘǎ ƻŦ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ǘǊŜŀǘƳŜƴǘΣ !aC ŎƻƳƳǳƴƛǘȅΣ ǊƻƻǘǎǘƻŎƪ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ ŦƻǊ 

the three experiments (Exp. 1a, b & c, 2 & 3) is presented in Appendix B5. The summary of the 

results which showed significant effects for the leaf nutrient analysis is presented in Table 3.4. 

The results of the macro-nutrients (Ca, K, Mg, P & S) and micronutrient (B, Cu, Fe, Mn & Zn) 
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leaf analysis showed there was no significant (p>0.05) differences when rootstocks were 

ƎǊƻǿƴ ƛƴ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴities in all three experiments. 

Table 3.4 Summary of the statistical significance for macro- and micro- nutrient concentrations in 
grapevine leaf samples significantly affected by AMF community, rootstock and their interaction for 
the three experiments (Exp. 1a, b &c, 2 & 3). 

Experiment Nutrient Fixed effects Chi square 

values 

Df p values 

Experiment 1a 
B AMF community 7.5999 2 0.02237* 

K AMF community 7.6804 2 0.02149* 

Experiment 1b 

B AMF community 20.6691 1 <0.001*** 

Cu AMF community 15.0899 1 <0.001*** 

Fe AMF community 7.0456 2 0.00794** 

K Rootstock 10.5222 2 0.00519** 

Mg AMF community 4.2492 1 0.039727* 

 Rootstock 28.0705 2 <0.001*** 

Mn Rootstock 12.0167 2 0.002458** 

P AMF x Rootstock 7.6106 2 0.0225* 

S AMF community 7.3957 1 0.006538** 

 Rootstock 33.9092 2 <0.001*** 

Zn AMF community 4.6040 1 0.0319* 

Experiment 1c 

Cu AMF x Rootstock 7.4434 3 0.0593* 

K AMF x Rootstock 11.0107 3 0.01167* 

Zn AMF x Rootstock 8.9531 3 0.02992* 

Experiment 2 

B AMF community 5.3871 1 0.02029* 

Cu AMF x Rootstock 26.0669 1 <0.001*** 

Fe AMF community 4.2963 1 0.03819* 

Mg AMF community 5.8337 1 0.015722* 

 Rootstock 12.4382 2 0.001991** 

 

P AMF community 4.7135 1 0.02993* 

 Rootstock 20.8093 2 <0.001*** 

 AMF x Rootstock 4.4619 1 0.03466* 

Experiment 3 
B Rootstock 9.0594 2 0.01078* 

Cu AMF x Rootstock 20.8831 9 0.01318* 

*= significant at p=0.01; ** = significant at p=0.001, *** = = significant at p=0.0001. 
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The AMF communities in Experiment 1a (Brancott vineyard) had a significant effect 

(p=0.0223) on the boron (B) concentration in leaves, with the level in the leaves of rootstocks 

inoculated with AMF community from Schwarzmann (21.646 ppm) being significantly higher 

than in those of rootstocks inoculated with the 101-14 AMF community (16.328 ppm) 

(Appendix B.6.1). Potassium (K) level was also significantly (p=0.0214) affected by the AMF 

community, with the concentration in the leaves of rootstocks inoculated with the 

Schwarzmann AMF community (16977.37 ppm) being significantly higher than in those of 

rootstocks inoculated with the 101-14 AMF community (12135.98 ppm). There was no 

significant (p>0.05) effect of rootstock or AMF community and rootstock interaction on the 

concentration of the macro- or micro-nutrients in the rootstock leaves in experiment 1a 

(Appendix B.6.5 & B.6.10).  

The AMF communities in Experiment 1b (Camshorn vineyard) had a significant 

(p>0.05) effect on the concentration of B, copper (Cu), iron (Fe), magnesium (Mg), sulphur (S) 

and zinc (Zn) in the rootstock leaves. Boron levels were significantly (p<0.001) affected by the 

AMF community, with the level in the leaves of rootstocks inoculated with AMF community 

from Schwarzmann (19.39 ppm) being significantly higher than in those of rootstocks 

inoculated with the 101-14 AMF community (15.86 ppm) (Appendix B.6.2). Copper levels were 

significantly (p<0.001) affected by the AMF community, with the level in the leaves of 

rootstocks inoculated with Schwarzmann AMF community (3.47 ppm) being significantly 

higher than in those of rootstocks inoculated with the 101-14 AMF community (2.58 ppm). 

Iron levels were significantly (p= 0.00794) affected by the AMF community, with the level in 

the leaves of rootstocks inoculated with Schwarzmann AMF community (69.0 ppm) being 

significantly higher than in those of rootstocks inoculated with the 101-14 AMF community 

(59.88 ppm). Magnesium levels were significantly (p= 0.03972) affected by the AMF 

community, with the level in the leaves of rootstocks inoculated with Schwarzmann AMF 

community (4299.979 ppm) being significantly higher than in those of rootstocks inoculated 

with the 101-14 AMF community (4015.67 ppm). Sulphur levels were significantly (p= 0.00653) 

affected by the AMF community, with the level in the leaves of rootstocks inoculated with 

Schwarzmann AMF community (2135.60 ppm) being significantly higher than in those of 

rootstocks inoculated with 101-14 AMF community (1950.45 ppm). And finally, zinc levels 

were significantly (p=0.0319) affected by the AMF community, with the level in the leaves of 
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rootstocks inoculated with Schwarzmann AMF community (28.00 ppm) being significantly 

higher than in those of rootstocks inoculated with 101-14 AMF community (18.59 ppm).  

Rootstock also significantly (p<0.05) affected the leaf concentration of some of these 

nutrients such as Mg and S, as well as the concentration of K and manganese (Mn) in 

Experiment 1b. Potassium level was significantly (p=0.00519) affected by the rootstock, with 

the level in the leaves of Schwarzmann vines (18880.13 ppm) being significantly higher than 

in those of 101-14 vines (13201.45 ppm) (Appendix B.6.6). Magnesium levels were 

significantly (p<0.001) affected by the rootstock, with the level in leaves of Schwarzmann vines 

(4351.57 ppm) being significantly higher than in those of 101-14 vines (3814.45 ppm). 

Manganese levels were significantly (p=0.00245) affected by the rootstock, with the level in 

leaves of Schwarzmann vines (170.40 ppm) being significantly higher than in those of 101-14 

vines (158.26 ppm). Sulphur levels were significantly (p<0.001) affected by the rootstock, with 

the level in leaves of Schwarzmann vines (1654.54 ppm) being significantly higher than in 

those of 101-14 vines (2190.74 ppm). In the same experiment, the interaction between AMF 

community and rootstock had a significant (p=0.0225) effect on the phosphorus (P) level in 

the leaves with the level in Schwarzmann vines grown with Schwarzmann AMF community 

(1083.49 ppm) being significantly higher than in 101-14 vines grown with Schwarzmann AMF 

community (858.43 ppm) (Table A3.15). 

In Experiment 1c (Muddy Water vineyard), there was no effect of AMF community and 

rootstock on the nutrient concentrations in the leaves (Appendix B.6.3 & B.6.7). Only the 

interaction between AMF community and the rootstock had a significant effect (p<0.05) on 

the levels of K and Zinc (Zn) in the leaves. Potassium levels were significantly (p=0.01167) 

affected by the AMF community and rootstock with the level in the leaves of 101-14 vines 

grown in 5C AMF community (20392.93 ppm) and the level in the leaves of Schwarzmann vines 

grown in 5C AMF community (18322.56 ppm) being significantly higher than in the leaves of 

5C vines grown with 5C AMF community (5811.36 ppm) and in the leaves of 5C vines grown 

with 101-14 AMF community (8132.66 ppm). Also, Zinc levels were significantly (p=0.092) 

affected by the AMF community and rootstock with the level in the leaves of Schwarzmann 

vines grown in Schwarzmann AMF community (31.14 ppm) and the level in Schwarzmann 

vines grown in 101-14 AMF community (39.17 ppm) being significantly higher than in the 
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leaves of 101-14 vines grown with Schwarzmann AMF community (18.69 ppm) and in the 

leaves of 5C vines grown with Schwarzmann AMF community (17.90 ppm) as shown in 

(Appendix B.6.12). 

  The levels of P, B, Fe and Mg were significantly affected by the AMF communities in 

Experiment 2 (Brancott vineyard). Boron levels were significantly (p=0.02029) affected by the 

AMF community, with the level in the leaves of rootstocks inoculated with Schwarzmann AMF 

community (18.19 ppm) being significantly higher than in those inoculated with the 5C AMF 

community (13.65 ppm) (Appendix B.6.4). Iron levels were significantly (p=0.03819) affected 

by the AMF community, with the level in the leaves of rootstocks inoculated with 

Schwarzmann AMF community (71.65 ppm) being significantly higher than in those inoculated 

with the 5C AMF community (71.65 ppm). Magnesium levels were significantly (p= 0.01572) 

affected by the AMF community, with the level in the leaves of rootstocks inoculated with 

Schwarzmann AMF community (6597.39 ppm) being significantly higher than in those 

inoculated with the 5C AMF community (5848.817 ppm). Phosphorus levels were significantly 

(p= 0.00653) affected by the AMF community, with the level in the leaves of rootstocks 

inoculated with Schwarzmann AMF community (2032.05 ppm) being significantly higher than 

in those inoculated with the 5C AMF community (968.16 ppm).  

Mg and P levels were also significantly (p<0.05) affected by the rootstock. Magnesium levels 

were significantly (p=0.0019) affected by the rootstock, with the level in the leaves of 5C vines 

(6602.74 ppm) being significantly higher than in those of Schwarzmann vines (5692.408 ppm). 

Phosphorus levels were significantly (p<0.001) affected by the rootstock, with the level in the 

leaves of 5C vines (1688.94 ppm) being significantly higher than in those of Schwarzmann 

vines (887.84 ppm) (Appendix B.6.8).  

In the same experiment, B, Cu and P levels in the leaves were significantly affected (p<0.05) 

by the AMF communities and the rootstock interaction (Appendix B.6.13). Boron levels were 

significantly (p=0.0203) affected by the AMF community and rootstock with the level in the 

leaves of 5C vines grown in Schwarzmann AMF community (21.95 ppm) being significantly 

higher than in the leaves of Schwarzmann vines grown with 5C AMF community (12.06 ppm) 

and in the leaves of Schwarzmann vines grown with Schwarzmann AMF community (12.40 

ppm). Copper levels were significantly (p<0.001) affected by the AMF community and 
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rootstock with the level in the leaves of 5C vines grown in Schwarzmann AMF community (4.07 

ppm) being significantly higher than in the leaves of 5C vines grown with 5C AMF community 

(2.24 ppm) and in the leaves of Schwarzmann vines grown with Schwarzmann AMF 

community (2.02 ppm). Phosphorus levels were significantly (p=0.0346) affected by the AMF 

community and rootstock with the level in the leaves of 5C vines grown in Schwarzmann AMF 

community (2580.35 ppm) being significantly higher than in the leaves of Schwarzmann vines 

grown with 5C AMF community (841.66 ppm). 

In Experiment 3 (Muddy Water) where Schwarzmann and 5C were planted into their 

own AMF communities and the communities of seven other rootstocks, there was a significant 

effect with the rootstock and the interaction effects of AMF communities and rootstock on B 

and Cu respectively. Boron levels were significantly (p=0.01078) affected by the rootstock, 

with the level in the leaves of Schwarzmann vines (18.01 ppm) being significantly higher than 

in those of 5C vines (14.523 ppm) (Appendix B.6.9). No significant (p<0.01078) effect was 

observed with AMF communities on nutrient uptake (Appendix B.6.14). Phosphorus levels 

were significantly (p=0.01318) affected by the AMF community and rootstock interaction with 

the level in the leaves of Schwarzmann vines grown in 5C AMF community (3.60 ppm) and the 

level in the leaves of Schwarzmann vines grown in Fercal AMF community (3.69 ppm) being 

significantly higher than in the leaves of Schwarzmann vines grown with 101-14 (2.39 ppm), 

3309C (2.20 ppm) and 420A (2.02 ppm) AMF community (Appendix B.6.15). 

The Pearson correlation test was also performed in order to study the correlation 

between total chlorophyll content and the macro- and micro- nutrient concentration in 

grapevine leaf samples. Chlorophyll has a significant positive correlation with Cu (p=0.017) 

and Mn (p=0.004) in Experiment 1a, a significant (p=0.037) negative correlation with P in 

Experiment 1b, a significant positive correlation with K (p=0.030), Mn (p=0.002) and Zn 

(p=0.028) in Experiment 2, and a significant positive correlation with Mn (p=0.006) and Zn 

(p=0.0502) and a significant negative correlation with B (p=0.008) in Experiment 3 (Table 3.5). 

There was no significant correlation between chlorophyll content and nutrients in Experiment 

1c. 
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Table 3.5 Pearson correlation test of chlorophyll and macro- and micro- nutrient concentrations in 
grapevine leaf samples for the three experiments (Exp. 1a, b &c, 2 & 3). Shaded cells highlight 
correlations which are significant at p Җ лΦлрΦ 

  Nutrients 

  B Cu Fe K Mg Mn P S Zn 

Chlorophyll 
Exp 1a 

Pearson 
Correlation 

0.196 0.454 0.310 0.001 -0.054 0.535 0.306 -0.053 0.254 

 Sig. (2-
tailed) 

0.327 0.017* 0.115 0.996 0.790 0.004** 0.121 0.794 0.201 

 N 27 27 27 27 27 27 27 27 27 
Chlorophyll 
Exp 1b 

Pearson 
Correlation 

-0.361 -0.156 -0.363 -0.166 -0.129 -0.038 -0.427 -0.350 -0.184 

 Sig. (2-
tailed) 

.083 0.466 0.081 .438 .548 .859 .037* .094 0.391 

 N 24 24 24 24 24 24 24 24 24 
Chlorophyll 
Exp 1c 

Pearson 
Correlation 

0.192 -0.026 0.078 -0.064 -0.169 -0.218 0.217 -0.102 0.132 

 Sig. (2-
tailed) 

0.338 0.896 0.698 0.749 0.399 0.275 0.278 0.613 0.513 

 N 27 27 27 27 27 27 27 27 27 
Chlorophyll 
Exp 2 

Pearson 
Correlation 

0.152 0.103 -0.067 0.626 0.225 0.789 0.354 0.276 0.631 

 Sig. (2-
tailed) 

0.636 0.751 0.836 .030* 0.483 0.002** 0.259 0.385 0.028* 

 N 12 12 12 12 12 12 12 12 12 
Chlorophyll 
Exp 3 

Pearson 
Correlation 

-0.378 0.056 -0.195 0.172 -0.026 0.394 0.025 0.010 0.284 

 Sig. (2-
tailed) 

0.008** 0.707 0.184 0.244 0.859 0.006** 0.867 0.949 0.0502
* 

 N 48 48 48 48 48 48 48 48 48 

*= significant at p=0.01; ** = significant at p=0.001, *** = = significant at p=0.0001. 
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 Discussion  

This chapter addressed a knowledge gap regarding the beneficial effect of AMF 

communities on growth parameters and nutrient uptake by different grapevine rootstocks. 

This is a unique study as it takes a community ecology approach and investigates the growth 

response of different grapevine rootstocks to different AMF communities previously isolated 

from different rootstocks. Prior studies have focused only on the effects of specific AMF 

species on grapevine growth (Schreiner & Mihara 2009; Lumini et al. 2010; Ozdemir et al. 

2010; Holland et al. 2013; review by Trouvelot et al. 2015; Nogales et al. 2019).   

This work demonstrated that arbuscular mycorrhizal fungi generally promoted the 

growth and uptake of nutrients of the studied grapevine rootstocks. This confirms the 

previously published work that grapevines are responsive to mycorrhiza (review by Trouvelot 

et al. 2015). The magnitude of the effects depended on the AMF communities as well as the 

rootstocks and their interactions. This was also observed in a previous study by Ozdemir et al. 

(2010) where the increase in plant growth response of five different rootstocks depended on 

the AM fungal species F. mosseae (as G. mosseae) or R. intraradices (as G. intraradices) and 

the rootstocks. Also, in Bleach et al. (2008) study, F. mosseae (as G. mosseae) and Acaulospora 

laevis effect on growth of six grape rootstock varieties was different for the different 

combinations. 

This study showed that for rootstocks 101-14, 5C and Schwarzmann (Experiments 1c 

ŀƴŘ оύ ōƛƻƳŀǎǎΣ Ǌƻƻǘ ŀƴŘ ǎƘƻƻǘ ǿŜƛƎƘǘ ǿŀǎ ƎǊŜŀǘŜǊ ǿƘŜƴ ǇƭŀƴǘŜŘ ƛƴ ǘƘŜƛǊ ΨƘƻƳŜΩ ŎƻƳǇŀǊŜŘ ǘƻ 

ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎΦ Further, in Experiment 2 where vines were inoculated with an equal 

number of spores of each morphotype, the root:shoot ratio was greater when grown in their 

ΨƘƻƳŜΩ ŎƻƳǇŀǊŜŘ ǘƻ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜǎŜ 

rootstocks was, to some degree, dependent on their recruitment of compatible AMF 

communities. A greater positive effect on plant growth was observed when both rare and 

invasive plant species were inoculated with AMF species that were isolated from the same 

plant compared ǘƻ ǘƘŜƛǊ ƛƴƻŎǳƭŀǘƛƻƴ ǿƛǘƘ ΨŦƻǊŜƛƎƴΩ ŦǳƴƎƛ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŀ ŘƛŦŦŜǊŜƴǘ Ǉƭŀƴǘ Ƙƻǎǘ 

(Klironomos 2003).  

Recruitment of the AMF species partners by rootstocks was observed to vary in 

Chapter 2, where each rootstock harboured different AMF communities by encouraging 
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specific AMF species to be more abundant than others. This influence of rootstock on their 

AMF community could be related to the differences in parentage, where 5C is Vitis berlandieri 

x Vitis riparia while both Schwarzmann and 101-14 are V. riparia x V.rupestris. However, it was 

ŀƭǎƻ ƻōǎŜǊǾŜŘ ǘƘŀǘ ǘƘŜ ΨƘƻƳŜΩ ƻǊ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ŘƛŘ ƴƻǘ ƛƴŦƭǳŜƴŎŜ ōƛƻƳŀǎǎ ƛƴ 

Experiment 2 or any of the plant growth parameters in Experiments 1a and 1b. The results in 

Experiment 2 could be related to the relative abundance of the AMF species, so that when 

each AMF species were inoculated at the same concentration, it results in more effective 

competition with each other for colonisation of the roots. This could also explain why the AM 

community in this experiment had no effect on any of the assessed grapevine growth 

parameters. Evidence of competition between species has previously been demonstrated, 

whereby R. irregularis and G. aggregatum were shown to compete to access host resources 

and soil nutrients resulting in direct antagonism of the mycelial networks (Engelmoer et al. 

2014; Kiers et al. 2011). As for Experiments 1a and 1b, the reason why AMF community did no 

influence plant growth parameters could be that the high dominance of Funneliformis spp. 

over other AMF species in the original pot cultures created a neutral effect on grapevine 

growth. A recent study showed that there was no difference in the dry weight of the plant 

crown between non-inoculated and inoculated Amygdalus pedunculata with both 

Funneliformis spp. and Rhizophagus spp. It was also demonstrated that plant height was the 

highest when inoculated with Rhizophagus spp. alone compared to treatments with 

Funneliformis spp. and both AMF species in combination (Bi et al. 2018). 

The analysis of the plant growth parameters in this study revealed that rootstocks can 

differ in their response to the AMF community. Vines inoculated with AMF communities in 

Experiments 1b, 1c and 3 had an increased above and below ground biomass. An increase in 

the shoot dry weight was seen with inoculation with the AMF community of 101-14 which had 

high abundance of Funneliformis spp. and Glomus spp. compared to Schwarzmann AMF 

community, which although was more diverse, was dominated by Ambispora spp. followed by 

Funneliformis spp. and Glomus spp. Similar results were also observed in Experiment 1a where 

vines had an increase in shoot and root growth when planted in the AMF community of 101-

14 which was more diverse and dominated by Funneliformis spp., Glomus spp. and 

Claroideoglomus spp. compared to the AMF communities of Schwarzmann and 5C. This could 

indicate that AMF species belonging to Glomeraceae family have a more positive impact on 
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grapevine plant growth compared with other families. Studies have demonstrated that 

Funneliformis spp. and Glomus spp. have increased root and shoot growth of other plant 

species, namely Amygdalus pedunculata, Triticum aestivum and Solanum lycopersicum 

(Chandrasekaran 2014; Bi et al. 2018). Other studies have shown that members of the 

Glomeraceae family such as F. mossese, Rhizophagus irregularis and G. aggregatum are 

typically characterized by higher intraradical colonization rates compared with other families 

and represent a key functional group, positively promoting plant growth and boosting 

nutrition (Engelmoer et al. 2014; Giovannini et al. 2020). 

  In Experiment 3, an increase in biomass, shoot and root dry weights was seen for 

Schwarzmann when planted into the AMF communities of some of the other rootstocks 

compared to 5C where plant growth was lower. This could indicate that Schwarzmann is more 

responsive to colonisation by a wide diversity of AMF compared with 5C. This was observed 

in the original pot cultures where the Schwarzmann AMF community was more diverse 

(Funneliformis spp., Ambispora spp., Glomus spp. and Claroideoglomus spp.) and the spore 

abundance of each species were higher compared with the AMF community associated with 

5C (Funneliformis spp., Ambispora spp. and Glomus spp.) which was less diverse and 

abundant. This was also reported in other studies, where it was shown that the outcome of 

the AM symbiosis could differ according to the genotype of the two symbionts, host plants, 

and AMF, as well as their combination (Lee et al. 2013, Chandrasekaran 2014).  

Contrary to the expectation, AMF did not provide grapevine shoot growth stimulation 

in the early or later establishment of the symbiosis. Shoot growth was however different 

between the rootstocks in Experiments 1c, 2 and 3. Rootstock Schwarzmann had a higher 

shoot growth compared to 101-14 and 5C in Experiment 1c and was higher than 5C in both 

Experiments 2 and 3 in the early establishment stage, however later in the establishment, 

shoot growth of 101-14 in Experiment 1c and 5C in Experiment 2 were higher compared to 

Schwarzmann rootstock. According to Goldammer (2018), 5C is a moderate to vigorous 

rootstock, with Schwarzmann having a low to moderate vigour similar to 101-14. However, in 

this study it may be that Schwarzmann has an initial fast growth rate compared to 101-14 and 

р/Φ {Ƙƻƻǘ ƎǊƻǿǘƘ ƻŦ ΨDǊǳƴŜǊ ±ŜƭǘƭƛƴŜǊΩ ǿŀǎ ǊŜǇƻǊǘŜŘ ǘƻ ōŜ ǎƭƻǿŜǊ ƻƴ Ψр/Ω ōǳǘ ƳƻǊŜ ǊŀǇƛŘ ƻƴ 

other rootstocks (Fardossi et al. 1995).  
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This study confirmed that AMF communities can have beneficial effects on the 

grapevine leaf levels of specific macro- (K, Mg, P and S) and micro-nutrients (B, Cu, Fe and Zn) 

that are essential for vine functioning and wine quality, as reviewed by Trouvelot et al. (2015). 

Crimson grapevines colonised with Glomus sp. were shown to have increased level of 

nutrients such as P, K and Ca (Nicolás et al. 2014). Similar results were also observed in pepper 

(Estrada-Luna & Davies 2003) and tomato plants (Balliu et al. 2015). Petgen et al. (1998) 

reported higher Zn and Cu concentrations in grapevines inoculated with mycorrhizae than 

non-inoculated grapevines. The results of this study showed that different AMF communities 

can increase the vine leaves concentration of two (Experiment 1a), three (Experiment 2) or six 

(Experiment 1b) specific chemical elements. This suggests that different AMF communities 

can have specific effect on grapevine rootstocks uptake of different macro- and micro-

nutrients. Previous studies have shown that genetically different AM fungal isolates, even 

from the same species, have different effects on their host plants with respect to nutrient 

uptake (Munkvold et al. 2004; Koch et al. 2005).  

The findings of the nutrient analysis also highlighted that the AMF communities had a 

significant role in promoting grapevine leaves uptake of K, Mg, P, S, B, Cu, Fe and Zn in low P 

availability media. This was also observed by Schreiner et al. (2007) where P, K, Ca, Mg, Fe and 

B levels in leaves were increased in AMF colonised grapevines in low P soils compared with 

high P soils. It is suggested that this effect was linked to the uptake of P which stimulated the 

uptake of the other nutrients. While increased phosphorus uptake by leaves have been 

reported in almost all studies of grapevines in the presence of AMF (for review, see Schreiner 

2005; Khalil 2013), this was not always the case in this study as a significant effect of AMF 

communities on P uptake was only observed in Experiment 2 and with an interaction effect 

with the rootstock in Experiment 1b. It has been suggested that the total P levels in grapevines 

could be influenced by certain AMF species (Biricolti et al. 1997) or isolates (Mortimer et al. 

2004; Schreiner 2005). This could explain the result of the current study where in Experiment 

2 the AMF spore inoculum consisted of equal abundance of each morphotype compared to 

the other experiments where the spore abundance is reflected the relative abundance of each 

morphotype in the original pot cultures. For instance, the relative abundance of one of the 

Glomus sp. (morphotype 4) in the inoculum was higher in Experiment 2 than in the other 

experiments (<25 spores/20g). Further, the absence of Ambispora sp. (morphotype 2) in the 
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inoculum in Experiment 1b compared to all the other experiments could have influenced the 

uptake of P by the rootstocks, resulting in the interaction effect between the AMF and 

rootstocks seen.   

This study showed that the rootstock and the interaction with AMF communities had 

a significant effect on nutrient levels in the leaves as seen in some of the experiments, 

particularly in Experiment 1c where nutrient uptake (Cu, K & Zn) were affected by the AMF 

and rootstock interaction. The previous study of Trouvelot et al. (2015) showed that macro- 

and micro-nutrient uptake was influenced not only by the fungal partner but also by the host 

plant, which was confirmed in the current study where the rootstock had an effect on the 

uptake of K, Mn (Experiment 1a) and B (Experiment 3). Similar effects were observed by 

Nikolaou et al. (2002) where Ca and K concentrations increased in mycorrhizal Victoria 

grapevine grafted onto 3309C or 110R rootstocks. In another study, Gigaspora margarita 

inoculation of different grapevine rootstocks was reported to generally increase K 

concentrations in all rootstocks (Petegen et al. 1998). Lambert et al. (2008) revealed that 

different rootstocks differ in their uptake of macro- and micro-nutrients and that they have 

an important influence on the mineral nutrition of the scion (Koblet et al. 1996). Some 

rootstocks, such as Malegue 44-53, have a higher affinity for potassium than magnesium and 

therefore may fail to take up sufficient magnesium from the soil, while other rootstocks such 

as Paulsen easily absorb magnesium (Brancadoro et al. 1994). This could explain why some 

rootstocks in the current study have influenced the uptake of specific nutrients irrespective of 

AMF community inoculation, and not others. 

The present study demonstrated that AMF not only enhanced growth and nutrient 

uptake, but also that more plant resources were allocated to increase the chlorophyll leaf 

content. Chlorophyll content in grapevine leaves were increased by the AMF communities of 

Schwarzmann (Experiment 1b & 3) and of Riparia Gloire (Experiment 3). This could be due to 

the presence of specific AMF species in the inoculum which caused the increase in chlorophyll 

content. The AMF communities of Schwarzmann and Riparia Gloire in Experiment 3 are 

diverse and mostly abundant in Glomus spp. and Funneliformis spp. and these species may 

have influenced the increased chlorophyll levels. Aslanpour et al. (2016) reported that 

inoculation of white grapevines with F. mosseae (as G. mosseae) increased the total 
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chlorophyll content in the leaves. Further, in Experiment 1b of this study, the AMF community 

of Schwarzmann had higher abundance of Claroideoglomus spp. which could also contributed 

to the increased chlorophyll content. This is supported by the results of the study of Liu et al. 

(2018) where the next highest concentration of Chlorophyll in Astragalus adsurgens 

inoculated with Claroideoglomus etunicatum alone compared to other AMF treatments had 

lower chlorophyll concentrations. Moreover, inoculation of maize with C. etunicatum 

increased the chlorophyll content in the leaves compared with non-mycorrhizal plants (Zhu et 

al. 2012).  The positive effect of AMF inoculation on chlorophyll content has also been 

observed in other plants such as maize (Sheng et al. 2008), clover (Smith & Read 2008) and 

zucchini (Colla et al. 2008). 

AMF communities may have had an indirect effect on the increase of chlorophyll 

content in the rootstocks by increasing the uptake or transport of nutrients such as Mg, Fe, 

Cu and Zn (Eftekhari et al. 2010). According to Borkowska (2002), mycorrhiza can indirectly 

affect photosynthetic activity and productivity of plants. The plant receives from the fungus 

microelements such as Fe, Cu and Mn, which perform important functions in photosynthetic 

processes (Kaschuk et al. 2009). This was shown in this study where a significant positive 

correlation between chlorophyll level and Cu, Mn, K and Zn levels in Experiments 1a, 2 and 3, 

with AMF shown to influence the uptake of these nutrients. Studies have reported that factors 

such as the mineral element levels in plants have an important role in increasing chlorophyll 

content and suggest that the increase in chlorophyll content in mycorrhizal plants may be due 

to the increased concentrations of Mg, Fe and Cu in foliar tissues which resulted in higher 

chlorophyll synthesis (Krishna et al. 2005; Eftekhari et al. 2010). This result was observed in 

the current study for Cu but not for Mg or Fe. This could be due to the high concentration of 

Mn in the plant leaves and its positive correlation with the chlorophyll level that was observed 

in this study. Maillard et al. (2015) reported that chlorophyll content and Mn level are 

connected, with a reduction in chlorophyll content demonstrated in Mn deficient plants. 

Recent studies have shown that Mn has the ability to replace Mg in the active site of some 

enzymes related to the photosynthetic pathway (Bloom & Lancaster 2018; Bloom 2019; 

Alejandro et al. 2020). The lack of correlation between chlorophyll and Fe levels could be 

related to the increase in the Zn level observed in the plants. Samreen et al. (2017) 

demonstrated that a decrease in Fe uptake can be caused by competitive interactions with Zn 
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at the plant root absorption sites. Also, it was reported that Zn influences the Fe uptake 

pathways in plants and if one element is present at a high level the uptake of other elements 

may be depressed (Francois & Goodin 1972). 

The chlorophyll analysis also showed that the rootstocks differed in total chlorophyll 

levels. In this study, Schwarzmann had the highest total chlorophyll level with 5C having the 

lowest, which could be related to vine physiology and inherent differences between the 

rootstock cultivars. The difference in chlorophyll levels and photosynthesis rates between 

rootstocks was indicated to be because some rootstocks are more efficient at reserving the 

nutrients required for bunch development, or this could be related to rootstock genotype, 

root system and vine vigour (Koblet et al. 1996; Bica et al. 2000; Somkuwar et al. 2015). This 

was also seen in other studies where the rootstocks differed in chlorophyll level (Bica et al. 

2000; Keller et al. 2001; Ulas et al. 2013; Somkuwar et al. 2015). A difference in the chlorophyll 

level in different rootstocks was also observed in the study of Gargin (2011) where the 

chlorophyll contents of different vine rootstocks were compared, with 420A having the 

highest level and 5BB the lowest level. 

In conclusion, the research in this Chapter filled a knowledge gap regarding the effect 

of different AMF communities on the growth parameters and nutrient uptake of three 

commercial grapevine rootstocks. It showed that AMF spore diversity and the relative 

abundance of certain species is an important factor as when present in equal abundance 

competition between species could occur resulting in a reduction in the positive growth 

outcomes. It also indicated that due to the presence of different species in the different 

communities, some AMF species may have beneficial effect on above or below ground 

biomass while others increase nutrient uptake which indirectly affect the chlorophyll content 

in plants. This study suggests that the selection of an appropriate inoculum containing the 

right AMF communities could help target specific functions and would be the best strategy for 

the viticulture industry, wine growers and the commercial inocula producers to adopt. 
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Chapter 4 

Effect of colonisation by different AMF communities on infection of 

grapevine rootstocks by black foot pathogens 

 Introduction 

Most cultivated grapevine varieties are susceptible to diseases caused by fungal 

pathogens which limit yield (Gramaje et al. 2018). Black foot disease is one of the main 

grapevine root diseases observed worldwide (Halleen et al. 2006; Alaniz et al. 2009; Russi et 

al. 2010) and especially in New Zealand (Pathrose et al. 2014). Historically, the disease has 

been commonly associated with soilborne Cylindrocarpon species, however based on the 

recent taxonomic revision of the genus, the species associated with black foot disease of 

grapevines have been reclassified as either Dactylonectria or Ilyonectria, with several species 

defined within each group (Cabral et al. 2011 a, b; Lombard et al. 2014). Species from other 

soil-borne fungal genera including Campylocarpon spp., Cylindrocladiella spp., Neonectria spp. 

and Thelonectria spp. as well as Dactylonectria spp., and Ilyonectria spp., are also reported as 

associated with the disease (Úrbez-Torres et al. 2014; Carlucci et al. 2017; Gramaje et al. 2018; 

Lombard et al. 2014). The symptoms of black foot can be recognized by the development of 

black necrotic lesions on roots, and brown discoloration in the trunk base of the affected vines 

(Halleen et al. 2006; Gramaje et al. 2018). These pathogens can persist as resting spores or 

mycelium in infected root fragments in the vineyard soils (Jaspers et al. 2007; Gramaje et al. 

2018; Probst et al. 2019). The black foot pathogens impact young grapevines during field 

establishment by infecting the root vascular tissues at the basal end of the rootstock 

contributing to poor growth or death of vines (Petit et al. 2011; Fontaine et al. 2015). 

Moreover, the severity and spread of black foot disease is enhanced by environmental stress, 

and while management practices can improve the performance of diseased grapevines, there 

are no proven methods to control or fully eradicate the disease from infected vineyards 

(Gramaje et al. 2018).  

AM symbiosis is the most widespread type of interaction between plants and microbes 

in the context of phylogeny and ecology and have been shown to provide protection against 
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many fungal pathogens associated with grapevines (Azcon-Aguilar et al. 1996; Nogales et al. 

2009). They have also been shown to reduce infection and mitigate the effect of black foot 

disease on grapevine rootstocks (Petit & Gubler 2006). Studies have shown that grapevine 

rootstock (V. rupestris) inoculated with Glomus intraradices prior to inoculation with 

Ψ/ȅƭƛƴŘǊƻŎŀǊǇƻƴΩ ƳŀŎǊƻŘƛŘȅƳǳƳ were less susceptible to black foot disease than non-

mycorrhizal ones (Petit and Gubler 2006). Bleach et al. (2008) showed that inoculated 

grapevine rootstock with AMF exerted a variation in their resistance to infection by 

Ψ/ȅƭƛƴŘǊƻŎŀǊǇƻƴΩ spp. and that ΨDΦΩ ƳƻǎǎŜŀŜ had a greater beneficial effect than Acaulospora 

laevis across all rootstocks.  It was also reported that pre-inoculating the vine with AMF shortly 

after rooting in the greenhouse or nursery, prior to transplanting into the field, could improve 

grapevine rootstock resistance to fungal pathogens (Nogales et al. 2009). However, in a recent 

study inoculation with a commercial Rhizophagus irregularis, AMF inoculum was shown to 

increase I. liriodendri infection of grapevine rootstock Riparia Gloire when the AMF inoculant 

was applied either before or at the same time as pathogen exposure (Holland et al. 2019). 

Further, AMF inoculation had no beneficial effect on any of the plant growth parameters 

assessed in this study. 

Most of the aforementioned studies have only focussed on the effects of individual 

AMF species on grapevine growth and black foot disease with no studies researching the effect 

of AMF communities as a whole on grapevine growth and black foot disease. Results 

presented in Chapters 2 and 3 showed distinct AMF communities associated with different 

rootstocks and that these had differing effects on rootstock growth and nutrient uptake when 

grown with their own (home) AMF communities and those of other rootstocks (away). 

Therefore, this study is the first to investigate whether the effect of pre-inoculated 

commercial grapevine rootstocks with their home or away AMF communities will reduce black 

foot disease infection and symptom severity compared to non-AMF inoculated rootstocks. A 

glasshouse experiment was set up where three different grapevine rootstocks were pre-

inoculated with their own AMF communities and those of other rootstocks six weeks prior to 

challenging the vines with the black foot pathogen species. The effect of AMF and rootstock 

combination on grapevine growth response and black foot disease incidence and severity was 

determined.  
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 Materials and Methods 

 Origin and maintenance of fungal pathogens 

The pathogen isolates of Ilyonectria liriodendri (HB2d, Mar19f and WPa1e), Ilyonectria 

europaea (WPa1a) and Dactylonectria macrodidyma (Mar9b and CO6a) used in this study 

were obtained from the Lincoln University plant pathology culture collection. These six 

isolates were previously isolated from black foot disease symptomatic vines in Marlborough, 

Waipara and Central Otago and shown to be pathogenic (Probst 2011; Probst et al. 2019). 

These isolates were stored as mycelial discs in glycerol at -80ᴈ and were routinely cultured 

on potato dextrose agar (PDA; .5 5ƛŦŎƻϰ) at 20ᴈ in the dark for 14 days.  

 Propagation material 

Dormant stem cuttings of the three rootstocks (101-14, 5C and Schwarzmann) used 

for this experiment were obtained from Riversun Nursey (Gisborne, New Zealand). These 

commercial rootstocks were previously shown to respond differently to different AMF 

communities (Chapter 3, Muddy Water vineyard site). 

 AMF inoculum 

The AMF inoculum used in this study for each rootstock were previously isolated and 

identified from harvested pot cultures in Chapter 2, Muddy Water Vineyard site. 

 Experimental design 

The experiment was conducted in a greenhouse at Lincoln University, New Zealand (43.6434° S, 
172.4678° E). The three rootstock varieties (101-14, 5C and Schwarzmann) were pre-colonised, or not, 
with AMF and then inoculated with a mixed inoculum of six Dactylonectria/Ilyonectria spp. isolates 
(Section 4.2.1). Each of the commercial rootstocks were inoculated with their own AMF communities 
and the AMF communities of the other rootstocks 2 months prior to the inoculation with the 
pathogens. Control treatments with no AMF and no pathogen were also included in the design. The 
treatments used are described in Table 4.1. Each treatment was applied to 10 potted rootstocks, and 
the treatments were arranged in a completely randomized block design on metal wire tables in the 
greenhouse. 
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Table 4.1 Inoculation treatments applied to three grapevine rootstocks. The fungal inoculants 
ŎƻƴǎƛǎǘŜŘ ƻŦ άƘƻƳŜέ ŀƴŘ άŀǿŀȅέ !aC ŎƻƳƳǳƴƛǘƛŜǎΣ ŀƴŘ ōƭŀŎƪ Ŧƻƻǘ ǇŀǘƘƻƎŜƴ ƳƛȄǘǳǊŜΦ ¢ǊŜŀǘƳŜƴǘ 
codes are as follows: Ctrl = no microbial inoculation, AMF = Arbuscular mycorrhizal fungi inoculation, 
Pathogen = black foot inoculation. The pathogen treatment was inoculated both at planting 
(December) and three months later in March. 

Rootstocks Treatment AMF inoculation 

(November) 

Pathogen 

inoculation 

(December/ 

March) 

Description 

101-14, 5C and Schwarzmann Ctrl/Ctrl None None No mycorrhizal inoculation or 

pathogen exposure. 

101-14, 5C and Schwarzmann AMF/Ctrl 101-14 AMF None Rootstocks pre-inoculated with 

101-14 AMF community, but no 

pathogen. 

101-14, 5C and Schwarzmann AMF/Ctrl 5C AMF None Rootstocks pre-inoculated with 

5C AMF community, but no 

pathogen. 

101-14, 5C and Schwarzmann AMF/Ctrl Schwarzmann AMF None Rootstocks pre-inoculated with 

Schwarzmann AMF community, 

but no pathogen. 

101-14, 5C and Schwarzmann AMF/Pathogen 101-14 AMF Pathogen Rootstocks pre-inoculated with 

101-14 AMF community in 

November and then inoculated 

with the pathogen in December & 

March. 

101-14, 5C and Schwarzmann AMF/Pathogen 5C AMF Pathogen Rootstocks pre-inoculated with 

5C AMF community in November 

and then inoculated with the 

pathogen in December & March. 

101-14, 5C and Schwarzmann AMF/Pathogen Schwarzmann AMF Pathogen Rootstocks pre-inoculated with 

Schwarzmann AMF community in 

November and then inoculated 

with the pathogen in December & 

March. 

101-14, 5C and Schwarzmann Ctrl/Pathogen None Pathogen No mycorrhizal pre-inoculation 

but the rootstocks inoculated 

with the pathogen in December & 

March. 

 

 AMF treatment application 

Four large plastic containers (713 mm L × 442 mm W × 222 mm H) were filled with 

sterilized damp pumice and either mixed with the specific AMF community inoculum or left 

uninoculated depending on the treatment. Container 1 had no AMF inoculation (Ctrl/Ctrl and 

Ctrl/pathogen treatments in Table 4.1), and containers 2, 3 and 4 had 101-14, 5C and 

Schwarzmann AMF communities (AMF/Ctrl and AMF/pathogen treatments), respectively. The 

pumice in each container was inoculated with approximately 10,000 spores (5 spores/g) 

representing the diversity and relative abundance of the respective AMF communities. The 

number of spores in each AMF inoculum was determined as described in Chapter 2, Section 

2.2.6. The spores were added and mixed thoroughly with the pumice in each of the containers. 
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The stems, cut into 2-bud cuttings, were dipped in powdered rooting hormone (Dynaroot 3 

plant growth regulator; active ingredient Beta ςindolylbutyric acid, 8 g/kg) and planted at a 

depth of 15 cm in the pumice. The containers were planted with 25 cuttings of each rootstock 

at the beginning of November 2019 and were placed on heating pads to stimulate root 

development for six weeks in a shade house (Figure 4.1).  

 

Figure 4.1 Grapevine rootstock cuttings of 101-14, 5C and Schwarzmann planted in sterilised pumice 
inoculated with spores of 101-14 AMF community. 

 Pathogen inoculum preparation  

The spore inoculum of the Dactylonectria and Ilyonectria spp. isolates were prepared 

from 14-day old colonies growing on PDA. Colonies were flooded with approximately 10 mL 

tap water amended with three drops/L of Tween 80 (polyoxylethylene (20) sorbitan mono-

oleate; BDH Chemicals Ltd, Poole, England) and the surface of the colonies were scraped with 

the edge of a sterile glass slide (new slide used for each isolate) as described by Probst et al. 

(2019). Conidial concentration in the resulting suspensions were determined based on 

haemocytometer counts. Due to the uneven spore production by the different isolates, the 

spore suspensions of I. liriodendri isolates (HB2d, Mar19f and WPa1e), which produced a large 

number of spores, were adjusted to 1 × 106 spores/mL. The two D. macrodidyma isolates 

(Mar9b, CO6a) and the I. europaea isolate (WPa1a), which had low spore production, were 

adjusted to 1 × 104 spores/mL. The mixed isolate conidial suspension contained 25 mL of 1 × 

104 spores/mL of each of Mar9b, CO6a, WPa1a and 650 mL of 1 × 106 spores/mL each of HB2d, 

Mar19f and WPa1e. The final mixed isolate spore suspension concentration was 9.6 × 105 
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spores/mL. The colony and spore morphology of the three Dactylonectria/ Ilyonectria spp. is 

presented in Figure 4.2. 

 

Figure 4.2 Colony and conidia morphology of Ilyonectria/Dactylonectria species colonies on potato 
dextrose agar after 14 days growth at 20°C. Colony (A) and conidia (D) morphology of Ilyonectria 
liriodendri. Colony (B) and conidia (E) morphology of Dactylonectria macrodidyma. Colony (C) and 
conidia (F) morphology of Ilyonectria europaea. Scale bars represent 100 µm. 

 Pathogen treatment application 

In mid-December 2019, the rooted grapevine rootstocks (AMF and non-AMF treated) 

were inoculated with Dactylonectria/ Ilyonectria spp. by soaking the rootstocks in a mixed 

isolate conidial suspension in 10 L plastic buckets.  Four buckets were filled with 2025 mL tap 

water and used to soak the non-pathogen controls; the other four buckets contained 2025 mL 

of mixed isolate conidial suspension. One bucket was used for each of the AMF treatments 

(four for pathogen inoculated and four for non-pathogen inoculated). The tips of the roots of 

the rootstocks were lightly trimmed using an ethanol sterilised scissors (70% ethanol between 

each treatment) and 10 grapevine rooted cuttings of the three cultivars treated with the same 

AMF treatment were soaked in the same bucket (i.e. 101-14, 5C and Schwartzman rooted 

cuttings treated with 101-14 AMF). The remaining five rootstock cuttings for each cultivar and 

AMF treatment were used to confirm AMF colonisation (Section 4.2.5). The cuttings were 

soaked for 30 min in either spore suspension or tap water, before being potted up into black 
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polyethylene bags (approx 3 L capacity; 120 mm L × 120 mm W × 200 mm H). The pots were 

half filled with potting mix (Chapter 3, Section 3.2.2), the cuttings were placed into the pots 

and then the pots filled with potting mix. The plants were watered lightly, shoots trimmed to 

two nodes and any flowers was removed by cutting with scissors. The pots were left overnight 

in the potting room to acclimatise before being placed in their randomised block design on 

metal wire tables in the greenhouse (Figure 4.3).  

To ensure infection, the pathogen treatment was also applied in mid-March 2020. For 

this inoculation, a mixed isolate conidial suspension (9.6 × 105 spores/mL) produced as 

described previously was used. The rootstock root system was wounded using a sharp knife 

driven vertically into the potting mix at four equidistance positions about 2.5 cm from the 

trunk base as described by Brown et al. (2013). Each rootstock was inoculated by pouring 50 

mL of the conidial suspension onto the surface of the potting mix close to the wound sites, 

followed by 50 mL of water to help the movement of the conidia into the potting mix. For the 

duration of the experiment the pots were watered lightly daily taking care to minimise any 

cross-contamination.  

 

 

Figure 4.3 Grapevine rootstocks placed on metal wire tables in a randomised block design in the 
greenhouse. 
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 AMF colonisation confirmation by staining and DGGE 

For the remaining five rootstocks per variety and AMF treatment the roots were 

removed and placed in separate tubes and stored in a cool box until the following day. A 

representative sample (0.2 g) was taken from each root sample and used for confirmation of 

AMF colonisation using the staining method described in Chapter 2, Section 2.2.5.  The 

remaining roots were used for DNA extraction and AMF community analysis using PCR- DGGE 

using the methods describe in Sections 2.2.7.1 and 2.2.7.2 of Chapter 2. 

 Shoot measurements and visual disease assessment  

The shoot length of each grapevine plant was measured starting from the base of the 

shoot, at the point of attachment to the main rootstock stem, to the shoot tip, using a tape 

measure. Shoot measurements were conducted four weeks after each of the pathogen 

inoculations, or 10 and 20 weeks after initial establishment of the experiment. The difference 

in the shoot length determined at the 10 and 20 week assessments was calculated and used 

for analysis effect of AMF on shoot growth. Visual disease assessment was done at the same 

time as shoot length measurements. Presence of any disease symptoms including shoot 

dieback, leaf chlorosis and necrosis were recorded for each grapevine plant. In the first visual 

screening, no symptoms were observed, however some of the grapevine leaves were 

damaged by insectsso the plants were then sprayed witƘ ǘǿƻ ƛƴǎŜŎǘƛŎƛŘŜǎΥ aŀǾǊƛƪϰ !ǉǳŀŦƭƻ 

όн Ƴ[ ǇŜǊ р [ύ ŀƴŘ {ǳŎŎŜǎǎϰ bŀǘǳǊŀƭȅǘŜ όн Ƴ[ ǇŜǊ р [ύΦ 

 Chlorophyll content  

Leaf greenness was measured for a leaf from the lower, middle and upper part of each 

plant using a SPAD 502 Plus chlorophyll meter. For each leaf, three separate measurements 

were taken from different regions on the upper leaf surface (base, middle and tip of the leaf). 

Total chlorophyll content was calculated using the equation generated from calibration curves 

as previously described in Chapter 3, Section 3.2.3. 

 Harvesting process 

In May 2020, six months after inoculating the grapevine cuttings with AMF, the plants 

were removed from the plastic bags. The shoots were cut from the stem and shoot length for 
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each plant was measured using a measuring tape. The shoots were placed in labelled paper 

bag, dried in an oven at 60°C for 48 h and then weighed.  

The roots of each plants were thoroughly washed and then cut at the base of the stem 

and the length of the longest root was measured using a measuring tape. The roots were 

placed in labelled paper bags and weighed after being dried in an oven at 60°C for 48 h. The 

stem of each grapevine plant was placed in separate paper bags, stored at 4°C and used for 

re-isolation of the pathogen to determine disease incidence and severity. 

 Biomass assessment 

Total biomass (g) and root dry weight:shoot dry weight ratio (root:shoot ratio) were 

calculated as previously described in Chapter 3, Section 3.2.5.3. 

4.2.11.2. Pathogen incidence assessment 

The lower sections of the stems of all potted grapevine plants were cut to a length of 

six cm. The stems were surface sterilized using the method described by Holland et al. (2019), 

whereby the stems were submerged in 70% ethanol for 30 s and then passed through a flame 

for 10 s. The stems were left to dry for 5 min in a sterile airflow in a laminar flow cabinet. The 

lowest 10 mm of the stem comprising the root crown was discarded and a 1-2 mm piece was 

sliced from the basal end of the stem (0 cm), cut into four pieces and placed equidistantly near 

the edge of a Petri dish containing PDA amended with 250 mg/L chloramphenicol. A 1-2 mm 

transverse stem piece was also sliced at 5 cm above the base and plated in the centre of the 

same plate. The Petri dishes were then sealed and incubated for seven days at 20°C in the 

dark. The plates were regularly monitored for the growth of Ilyonectria and Dactylonectria 

ǎǇǇΦ ŎƻƭƻƴƛŜǎ ŦǊƻƳ ǘƘŜ ǿƻƻŘ ǇƛŜŎŜǎΣ ŀƴŘ ǿŜǊŜ ǳǎŜŘ ǘƻ ŎƻƴŬǊƳ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ōƭŀŎƪ Ŧƻƻǘ 

disease by comparing the colony morphology and conidia with the cultures of the three 

species used for inoculation. The presence of the pathogen in the grapevine stems at 0 cm or 

5 cm (disease incidence) and the proportion of wood pieces at 0 cm colonised by the 

pathogens (disease severity) were recorded (Probst et al. 2019). 

The presence/absence of other fungal groups isolated from the wood pieces for each 

plate was also recorded. These fungi were sub-cultured for morphological and molecular 

identification. This data was used in order to determine whether AMF also reduce colonisation 

by other potential pathogens or increase beneficial endophytes such as Trichoderma spp.  
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 Molecular confirmation of pathogen identity 

The identity of representative colonies (10% of each treatment) recovered from the 

grapevine stem pieces from the different treatments and presumptively identified as 

Dactylonectria and Ilyonectria was confirmed by sequencing a portion of the histone H3 gene 

region (Cabral et al. 2011a, b; Lombard et al. 2014). Genomic DNA was extracted from 

mycelium from the colonies recovered from the stem pieces from the different treatment 

plates and from pure cultures of the D. macrodidyma, I. europaea and I. liriodendri isolates 

used for inoculation. From each colony, the mycelium was scraped using a 200 µL tip and 

added into a 1.7 mL tube containing 500 µL of 10% Chelex® 100 Chelating Resin (cation 

exchange resin, sodium form, 1% crosslinkage, 100ς200 dry mesh size, 150ς300 µm wet bead 

size, BIO-RAD). Each tube was vortexed for 10 s and placed on a heating block for 10 min at 

100ᴈ. The tubes were removed and the pressure was released by opening each tube. Then 

the tubes were vortexed and placed back on the heating block as previously described. The 

tubes were centrifuged for 10 min at 13 000 r.p.m. and the supernatant (~150 mL) was 

removed and placed into a new 1.7 mL tube. The DNA concentration for each sample was 

measured uǎƛƴƎ ŀ ¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎϰ bŀƴƻ5ǊƻǇ [ƛǘŜ {ǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ bŀƴƻŘǊƻǇΦ 9ŀŎƘ 

sample was adjusted using Millipore water to a final concentration of 30-50 ng/µL before PCR 

amplification. Sequencing of a portion of the HIS gene region was performed after PCR 

amplification using 0.2 mM dNTPs, 10 pmol of each primer, 5 U of Taq DNA polymerase and 

the supplied reaction buffer (Promega Inc., Seoul, Korea) in a total volume of 25 µL as follows: 

94ᴈ for 5 min, followed by 40 cycles at 94ᴈ for 30 s, 52ᴈ for 30 s, and 72ᴈ for 80 s, and a 

final elongation at 72ᴈ for 10 min. Primers were CYLH3F (рΩ-AGG TCC ACT GGT GGC AAG-оΩύ and 

CYLH3R (рΩ-AGC TGG ATG TCC TTG GAC TG-оΩύ for HIS (Crous et al. 2004).  

After confirmation of successful amplification by agarose gel electrophoresis, 

amplicons were sequenced in both directions with the corresponding PCR primers using 

Sanger sequencing at the Lincoln University sequencing facility. Sequences were assembled 

and edited to resolve ambiguities using the BioEdit. Each sequence was compared by basic 

local alignment search tool (BLAST) to those on NCBI to identify similar sequences.  



 
 
 
 
 

105 

 Molecular confirmation of identity of other isolated fungal 

The identity of representatives of other fungal colonies (20%) commonly recovered 

from the grapevine stem pieces from the different treatments was determined by sequencing 

the internal transcribed spacer (ITS) of the rRNA gene (White et al. 1990). The DNA for 

representative colonies of each morphotype recovered from the stem sections was extracted 

as previously described in Section 4.2.8.3. The PCR amplification was performed using 10 µL 

of Thermo Scientific DreamTaq Green PCR Master Mix (2X), 10 pmol of each primer and 7 µL 

nuclease free water. An initial denaturation and enzyme activation step of 5 min at 95°C was 

followed by amplification for 40 cycles at the following conditions: 30 s at 95°C, 40 s at 60°C, 

40 s at 72°C and a final elongation at 72°C for 10 min. tǊƛƳŜǊǎ ǳǎŜŘ ǿŜǊŜ L¢{м όрΩ-

TCCGTAGGTGAACCTGCGG-оΩύ ŀƴŘ L¢{п όрΩ-TCCTCCGCTTATTGATATGC-оΩύ (White et al. 1990).  

 Statistical analysis  

All statistical analyses were conducted as appropriate for a completely randomized 

ŘŜǎƛƎƴ ǳǎƛƴƎ w ǎǘǳŘƛƻΦ 5ƛũŜǊŜƴŎŜǎ ƛƴ ǾƛƴŜ ƎǊƻǿǘƘ ǊŜǎǇƻƴǎŜǎΣ ǿƛǘƘ ōƛƻƳŀǎs, root:shoot ratio, 

root and shoot length and leaf chlorophyll content were determined between the treatments 

using a one-ǿŀȅ ŀƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύΦ 5ƛũŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƳŜŀƴǎ 

were detected using a general linear hypothesis within the multcomp R-package. Black foot 

disease incidence data was analysed using the generalised linear model (GLM) to compare 

disease incidence with significance level used p=0.05.  
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 Results 

 AMF colonisation confirmation in roots and DGGE analysis  

None of the grapevine root samples from the three rootstock varieties rooted in the 

uninoculated pumice (no AMF treatments) were colonised with AMF, with no visible AMF 

structures observed in the root material (Figure 4.4, A). For the rootstocks rooted in AMF 

inoculated pumice, AMF colonisation was confirmed by the presence of vesicles, arbuscules 

and hyphae (Figure 4.4, B) in all rootstocks for all AMF treatments confirming that the roots 

of the different grapevine rootstocks were pre-ŎƻƭƻƴƛǎŜŘ ǿƛǘƘ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ AMF 

communities. 

 
Figure 4.4 AMF colonisation confirmation using Trypan blue stain. A: Grapevine roots of 101-14 
rootstock from the uninoculated AMF control B: Grapevine roots of 101-14 rootstock pre-colonised 
with 101-14 AMF community. V: vesicle, A: arbuscules, H: hypha. Scale bar represents 100 µm. 

There was a significant difference (PERMANOVA p= 0.01) between the AMF 

communities associated with the grapevine rootstocks as determined by DGGE. In general, 

the rootstocks clustered based on the AMF inoculum as would be expected (Figure 4.5). 

Rootstocks with more similar AMF communities are closer to one another in the no-metric 

MDS plot. The pairwise test (Appendix C1) showed that the three rootstocks with AMF derived 

from Schwarzmann clustered together, the rootstocks with AMF derived from 5C cluster 

together, but interestingly there was no overlap between the rootstocks with 101-14 AMF. 
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Figure 4.5 Non-metric multidimensional scaling (MDS) plot showing the AMF communities associated 
with three different grapevine rootstocks inoculated with AMF spore communities originally derived 
from the same three rootstocks from the Muddy Water Vineyard site, Waipara. av: average. Points 
represent Objects (AMF communities). Objects that are more similar to one another are ordinated 
closer together. The axes are arbitrary as is the orientation of the plot. 

 Percentage of symptoms presence/absence in vines  

No visible symptoms were observed on any of the grapevine plants of the three 

rootstocks in any of the treatments 10 weeks after pathogen inoculation (Figure 4.6, A). 

However, symptoms were observed on the vines 20 weeks after pathogen inoculation. The 

symptoms observed included leaf spots, leaf chlorosis and necrosis on vine leaves (Figures 4.6, 

B). These were observed on plants across all treatments with or without the pathogen and 

across all rootstock cultivars. 
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Figure 4.6 Visual observations of vines for symptoms. A: absence of symptoms on vines 10 weeks after 
black foot pathogen inoculation. B: typical symptoms observed on 101-14 vine leaves 20 weeks after 
black foot pathogen inoculation in pathogen treatment. 

 

 Shoot Growth 

For rootstock 101-14, there was a significant effect (p=0.021; Appendix C2) of 

AMF/pathogen inoculation treatment on the mean shoot growth between 10 and 20 weeks after 

inoculating the vines with the pathogen. The shoot length of 101-14 vines inoculated ǿƛǘƘ ΨŀǿŀȅΩ 

5C AMF and the pathogen (18.0 cm) was significantly longer than for either 101-14 vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨƘƻƳŜΩ млм-14 AMF and the pathogen (3.6 cm) or the pathogen only control (1.5 

cm), being 80% and 90% higher, respectively (Figure 4.7, A). There were no other significant 

differences between the other treatments on shoot growth (Figure 4.7, A).   

For rootstock 5C, there was no significant effect (p=0.20) of treatment on shoot length, 

with the mean shoot growth varying between 2.5 cm for the pathogen only inoculated vines and 

26.0 cm for the no pathogen no AMF inoculated control (Figure 4.7, B).  Similarly, for Schwarzmann 

vines, there was no significant effect (p=0.234) of treatment on shoot length, with the mean shoot 

growth varying between 4Φл ŎƳ ŦƻǊ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ !aC ƛƴƻŎǳƭŀǘŜŘ ǾƛƴŜǎ ŀƴŘ нлΦл ŎƳ ŦƻǊ 

ΨŀǿŀȅΩ млм-14 AMF plus pathogen inoculated vines (Figure 4.7, C). 
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Figure 4.7 Mean shoot growth (cm) between 10 and 20 weeks after vine inoculation with the black 
foot pathogen isolates for rootstocks 101-14 (A), 5C (B) and Schwarzmann (C) colonised with different 
AMF spore communities originating from different rootstocks (101-14, 5C and Schwarzmann). Bars 
ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ 
generated from one-way ANOVA analysis in R. Error bars show ± SED. 
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 Total Chlorophyll Content  

The total chlorophyll content as an average of the three leaves per plant was significantly 

(p= 0.0147) affected by treatment in 101-14 vines (Appendix C2). This significant difference was 

ǎƘƻǿƴ ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ нл҈ ƛƴ ǘƘŜ ŎƘƭƻǊƻǇƘȅƭƭ ŎƻƴǘŜƴǘ ƛƴ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-

14 derived AMF community and pathogen compared to vines inoculated with the pathogen 

(Figure 4.8, A). There were no other statistical differences between the other treatments on 101-

14 leaf chlorophyll content.  

For rootstock 5C, there was a significant effect (p < 0.001) of treatment on leaf chlorophyll 

content. Both treatments where 5C vines were pre-ŎƻƭƻƴƛǎŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ 5C derived AMF 

ŎƻƳƳǳƴƛǘȅ ŀƴŘ ΨŀǿŀȅΩ млм-14 derived AMF community had significantly higher chlorophyll 

content compared to the uninoculated control (by 7% and 6.7%, respectively) and pathogen 

inoculated (by 20% and 19%, respectively) vines (Figure 4.7, B). There were no other significant 

differences between the other treatments on shoot chlorophyll content.  

For rootstock Schwarzmann, treatment had a significant effect (p < 0.001) on chlorophyll 

ŎƻƴǘŜƴǘΣ ǿƛǘƘ ŀƭƭ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ƻǊ ǿƛǘhout pathogen including the 

control having significantly higher chlorophyll content (p < 0.001), of between 22% and 30%, 

compared to Schwarzmann vines inoculated with the pathogen only (Figure 4, C).  

   
Figure 4.8 Average total chlorophyll content (mg/mL) for lower, middle and upper leaves for rootstocks 
101-14 (A), 5C (B) and Schwarzmann (C) colonised with different AMF communities originating from 
different rootstocks (101-14, 5C and Schwarzmann) and assessed 12 weeks after inoculation with black 
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Ŧƻƻǘ ǇŀǘƘƻƎŜƴ ƛǎƻƭŀǘŜǎΦ .ŀǊǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 
of mean comparisons generated from one-way ANOVA analysis in R. Error bars show ± SED. 

 

 Plant growth parameters at harvest 

4.3.5.1. Shoot dry weight  

For rootstock 101-14, there was a significant effect (p= 0.048; Appendix C3) of 

treatment on shoot dry weight, with the mean shoot dry weight varying between 0.35 g for 

vines inoculated wiǘƘ ǘƘŜ ǇŀǘƘƻƎŜƴ ŀƴŘ нΦрл Ǝ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ 

AMF community and the pathogen (Figure 4.9, A). The shoot dry weight of vines inoculated 

ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ōȅ ус҈ 

compaǊŜŘ ǿƛǘƘ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community and 

pathogen.  

For rootstock 5C, there was a significant effect (p= 0.016; Appendix C3) of treatment 

on shoot dry weight with the mean shoot dry weight (g) varying between 2.00 g for vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǇŀǘƘƻƎŜƴ ŀƴŘ сΦул Ǝ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived 

AMF community (Figure 4.9, B). The shoot dry weight of rootstock 5C inoculated with the 

ΨƘƻƳŜΩ р/ ŘŜǊƛǾŜŘ ŀƴŘ ΨŀǿŀȅΩ млм-14 derived AMF communities was significantly higher, with 

an increase of 65% and 70% respectively, in shoot dry weight, compared to 5C vines inoculated 

with the pathogen only. None of the other treatments differed significantly from each other.  

For rootstock Schwarzmann, treatment had no significant effect (p= 0.330; Appendix 

C3) on shoot dry weight, with the mean shoot dry weight (g) varying between 1.20 g for vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ пΦлл Ǝ ŦƻǊ ǾƛƴŜǎ 

inoculated with pathogen only (Figure 4.9, C). 
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Figure 4.9 Mean shoot dry weight (g) at harvest for rootstocks 101-14 (A), 5C (B) and Schwarzmann (C) 
colonised with different AMF communities originating from different rootstocks (101-14, 5C and 
Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different letters are 
ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ƻƴŜ-way 
ANOVA analysis in R. Error bars show ± SED. 

4.3.5.2. Root dry weight  

For rootstock 101-14, there was no significant effect (p= 0.067; Appendix C3) of 

treatment on root dry weight, with the mean root dry weight (g) varying between 0.1 g for 

101-мп ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community and 4.5 g for vines 

inoculated with ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻgen (Figure 4.10, A).  

For rootstock 5C, there was a significant effect (p= 0.007; Appendix C3) of treatment 

on root dry weight with the mean root dry weight (g) varying between 0.8 g for vines 

inoculated with the pathogen and 5.8 g for vines inoculated wiǘƘ ǘƘŜ ΨƘƻƳŜΩ р/ ŘŜǊƛǾŜŘ !aC 

community and pathogen (Figure 4.10, B). The root dry weight of rootstock 5C inoculated with 

ǘƘŜ ΨŀǿŀȅΩ млм-мп ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ΨƘƻƳŜΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ 

pathogen was significantly higher, with an increase of 60% and 70% respectively in root dry 

weight, compared to 5C vines inoculated with the pathogen only. None of the other 

treatments differed significantly from each other.  
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For rootstock Schwarzmann, treatment had no significant effect (p= 0.514; Appendix 

C3) on root dry weight, with the mean root dry weight (g) varying between 2.2 g for vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ пΦп Ǝ ŦƻǊ ǾƛƴŜǎ 

inoculated with ΨŀǿŀȅΩ млм-14 derived AMF community and pathogen (Figure 4.10, C). 

   
Figure 4.10 Mean root dry weight (g) at harvest for rootstocks 101-14 (A), 5C (B) and Schwarzmann (C) 
colonised with different AMF communities originating from different rootstocks (101-14, 5C and 
Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different letters are 
ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ƻƴŜ-way 
ANOVA analysis in R. Error bars show ± SED. 

4.3.5.3. Total biomass 

For rootstock 101-14, there was no significant effect (p= 0.05527; Appendix C3) of 

treatment on total biomass (shoot and root dry weight), with the mean total biomass (g) 

varying between 1 g for 101-мп ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF 

community and pathogen and 7 g for vines inoculated with ǘƘŜ ΨŀǿŀȅΩ р/ derived AMF 

community (Figure 4.11, A).  

For rootstock 5C, there was a significant effect (p= 0.00445; Appendix C3) of treatment 

on total biomass with the mean total biomass (g) varying between 2 g for vines inoculated 

with the pathogen and 11 g for vines ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC 

ŎƻƳƳǳƴƛǘȅ όCƛƎǳǊŜ пΦммΣ .ύΦ ¢ƘŜ ǘƻǘŀƭ ōƛƻƳŀǎǎ ƻŦ ǊƻƻǘǎǘƻŎƪ р/ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-

мп ŘŜǊƛǾŜŘ ŀƴŘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘƛŜǎ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭŀǊƎŜǊΣ 

with an increase of 78% and 82% respectively in total biomass, compared to 5C vines 
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inoculated with the pathogen only. None of the other treatments differed significantly from 

each other.  

For rootstock Schwarzmann, treatment had no significant effect (p= 0.5138; Appendix 

C3) on total biomass, with the mean total biomass (g) varying between 3 g for vines inoculated 

ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ у Ǝ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ the 

ΨŀǿŀȅΩ млм-14 derived AMF community and pathogen (Figure 4.11, C). 

   
Figure 4.11 Mean total biomass (g) (shoot and root dry weight) at harvest for rootstocks 101-14 (A), 
5C (B) and Schwarzmann (C) colonised with different AMF communities originating from different 
rootstocks (101-14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with 
ŘƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ ƎŜƴŜǊŀǘŜŘ 
from one-way ANOVA analysis in R. Error bars show ± SED. 

4.3.5.4. Shoot length at harvest 

For rootstock 101-14, there was a significant effect (p= 0.0078; Appendix C3) of 

treatment on shoot length, with the mean shoot length varying between 10 cm for vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǇŀǘƘƻƎŜƴ ŀƴŘ рр ŎƳ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC 

community and the pathogen (Figure 4.12, A). The shoot length of vines inoculated with the 

ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻƴƎŜǊΣ ōȅ ул ŀƴŘ ур҈Σ 

ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community 

and pathogen and the pathogen only control.  

For rootstock 5C vines, shoot length was significantly affected (p= 0.00286; Table A 

4.3) by treatment, varying between 15 cm for vines inoculated with the pathogen and 70 cm 

ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ΨŀǿŀȅΩ млм-14 
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derived AMF community and pathogen, and the untreated control (Figure 4.12, B). Shoots of 

5C vines inoculated with the pathogen were significantly shorter compared with vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF commǳƴƛǘȅ όōȅ тн҈ύΣ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ 

ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ όōȅ ту҈ύΣ ΨŀǿŀȅΩ млм-14 derived AMF community and pathogen (by 

78%) and the uninoculated control. None of the other treatments differed significantly from 

each other.  

For rootstock Schwarzmann, treatment had no significant effect (p= 0.2253; Appendix 

C3ύΣ ǿƛǘƘ ƳŜŀƴ ǎƘƻƻǘ ƭŜƴƎǘƘ ǾŀǊȅƛƴƎ ōŜǘǿŜŜƴ нл ŎƳ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ 

Schwarzmann derived AMF community and 60 cm for vines inoculated with the pathogen only 

(Figure 4.12, C). 

   
Figure 4.12 Mean shoot length (cm) of vines at harvest (24 weeks) for rootstocks 101-14 (A), 5C (B) and 
Schwarzmann (C) colonised with different AMF communities originating from different rootstocks 
(101-14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different 
ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ 
one-way ANOVA analysis in R. Error bars show ± SED. 
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4.3.5.5. Root length 

For rootstock 101-14, there was a significant effect (p= 0.007395; Appendix C3) of 

treatment on the root length, with the mean root length varying from 4 cm for 101-114 vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨƘƻƳŜΩ млм-14 derived AMF community and pathogen and 20 cm for vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ όCƛƎǳǊŜ пΦмоΣ !ύΦ ¢ƘŜ Ǌƻƻǘ ƭŜƴƎǘƘ ƻŦ 

rootstock 101-мп ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ 

longer, by 75% and 80%, respectively, compared with 101-14 vines inoŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ 

101-14 derived AMF community and pathogen, and the pathogen only control. None of the 

other treatments differed significantly from each other.  

For rootstock 5C, the mean root length was significant affected (p < 0.001) by 

treatment varying between 5 cm for vines inoculated with the pathogen only and 25 cm for 

ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ όCƛƎǳǊŜ пΦмоΣ .ύΦ ±ƛƴŜǎ 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ǘƘŜ ŀǿŀȅ млм-14 derived 

AMF community and pathogen, and the uninoculated control vines had significantly longer 

roots by 75% to 80% compared to pathogen only inoculated vines. There were no other 

statistical differences in root length between other treatments (Figure 4.13, B).  

For rootstock Schwarzmann, there was no significant effect (p = 0.5691) of treatment 

on root length, with mean root length varying between 13 cm for vines inoculated with the 

ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ нп ŎƳ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ 

5C derived AMF community (Figure 4.13, C). 

  



 
 
 
 
 

117 

   
Figure 4.13 Mean root length (cm) of vines at harvest for rootstocks 101-14 (A), 5C (B) and 
Schwarzmann (C) colonised with different AMF communities originating from different rootstocks 
(101-14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different 
ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ 
one-way ANOVA analysis in R. Error bars show ± SED. 

 

For rootstock 101-14, there was a significant effect (p= 0.03321; Appendix C3) of 

treatment on the root:shoot ratio, with the mean root:shoot ratio varying between 0.4 for 

101-мп ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǇŀǘƘƻƎŜƴ ƻƴƭȅ ŀƴŘ оΦл ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ 

5C derived AMF community (Figure 4.14, A). Root:shoot ratio was significantly higher (by 

around 90%), for 101-мп ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ 

compared with treatments where 101-мп ǿŀǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ 

derived AMF community and pathogen and the pathogen only control. There were no other 

significant differences in the root:shoot ratio between any other treatments (Figure 4.14, A).   

For rootstock 5C, there was no significant effect (p = 0.173) of treatment on the mean 

root:shoot ratio, which varied between 0.4 for vines inoculated with the pathogen only and 

мΦн ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community. (Figure 4.14, B).  

For rootstock Schwarzmann, there was no significant effect of (p = 0.838) of treatment 

on root:shoot ratio, with mean root:shoot ratio varying between 0.6 for vines inoculated with 

ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ мΦн ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 

derived AMF community and pathogen (Figure 4.14, C). 
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Figure 4.14 Mean root:shoot ratio of vines at harvest for rootstocks 101-14 (A), 5C (B) and 
Schwarzmann (C) colonised with different AMF communities originating from different rootstocks 
(101-14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different 
ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ 
one-way ANOVA analysis in R. Error bars show ± SED. 

 

The overall statistical test on the main factors (Appendix C4) showed that there was a 

significant (p < 0.001) main effect of rootstock where 101-14 (33.75 ± 3.18) was significantly 

less affected by the pathogen compared to 5C (48.12 ± 3.97) and Schwarzmann (57.81 ± 4.3) 

rootstocks. The statistical test also showed a significant (p < 0.001) interaction between the 

rootstock and the pathogen inoculated and uninoculated treatments. Also, there were 

significant differences (p < 0.001) between the pathogen inoculated treatments and pathogen 

uninoculated treatments in the three rootstocks where the 101-14 pathogen inoculated 

treatment (46.87 ± 4.83) were significantly higher compared to 101-14 pathogen uninoculated 

treatments (20.62 ± 2.95). For rootstock 5C, the pathogen inoculated treatments (63.75 ± 

5.05) were significantly higher compared to the pathogen uninoculated treatments (32.5 ± 

5.07). As for rootstock Schwarzmann, the pathogen inoculated treatments (57.81 ± 5.05) were 

significantly higher compared to the pathogen uninoculated treatments (40.62 ± 6.12). 

For rootstock 101-14, there was no significant effect (p= 0.218; Appendix C5) of 

treatment on disease incidence at 0 cm above the stem base. The disease incidence varied 

between 50% for vines pre-ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF and 100% for 

vines inoculated with the pathogen only (Figure 4.15, A). There was a significant effect (p= 
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0.044) of treatment on the disease incidence at 5 cm above the stem bases (Figure 4.15, B). 

±ƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ƘŀŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ 

greater mean disŜŀǎŜ ƛƴŎƛŘŜƴŎŜ ǘƘŀƴ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF 

community and pathogen and the uninoculated control treatments, with disease incidence 

ōŜƛƴƎ сл҈ ŎƻƳǇŀǊŜŘ ǿƛǘƘ мл҈ ŦƻǊ ōƻǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community and 

pathogen, and the uninoculated control treated vines. Moreover, vines inoculated with the 

ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ƘŀŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƎǊŜŀǘŜǊ ƳŜŀƴ 

disease incidence than the uninoculated control treatment, with disease incidence being 50% 

compared with 10% for the control. The other treatments did not show any significant 

differences.  

  
Figure 4.15 Mean black foot disease incidence (%) for rootstock 101-14 at 0 cm (A) and 5 cm (B) from 
the stem base colonised with different AMF communities originating from different rootstocks (101-
14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different letters 
ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ D[a ŀƴŀƭȅǎƛǎΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕ 
SED. 

 

For rootstock 5C, there was a significant effect (p=0.017; Appendix C5) of treatment 

on disease incidence at 0 cm above the stem base (Figure 4.16, A). The disease incidence 

varied between 50% for vines pre-ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community 

ŀƴŘ млл҈ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŀƴŘ ǇŀǘƘƻƎŜƴ ǘǊŜŀǘƳŜƴǘǎΦ 

Disease incidence waǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ όōȅ рл҈ύ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨƘƻƳŜΩ ŀƴŘ 

ΨŀǿŀȅΩ !aC ŀƴŘ ǇŀǘƘƻƎŜƴ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community. All the 
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other treatments did not differ in their mean disease incidence (Figure 4.16, A). Disease 

incidences at 5 cm above the stem base was significantly affected (p= 0.031) by treatment 

(Figure 4.16, B). Disease incidence was significantly higher in the pathogen only treatment 

ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community, with disease 

ƛƴŎƛŘŜƴŎŜ ōŜƛƴƎ тл҈ ŎƻƳǇŀǊŜŘ ǿƛǘƘ мл҈ ŦƻǊ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community 

treatment. The other treatments were not significantly different (Figure 4.16, B).  

  
Figure 4.16 Mean black foot disease incidence (%) for rootstock 5C at 0 cm (A) and 5 cm (B) from stem 
base colonised with different AMF communities originating from different rootstocks (101-14, 5C and 
Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different letters are 
ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ D[a ŀƴŀƭȅǎƛǎΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕ {95Φ 

For rootstock Schwarzmann, there was a significant effect (p= 0.005; Appendix C5) of 

treatment on disease incidence at 0 cm above stem base (Figure 4.17, A). The disease 

ƛƴŎƛŘŜƴŎŜ ǾŀǊƛŜŘ ōŜǘǿŜŜƴ рл҈ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ 

!aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǘƘŜ ŎƻƴǘǊƻƭ ŀƴŘ млл҈ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ 

derived AMF community and pathogen and the pathogen only treatment. Disease incidence 

ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ƛƴ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ǇŀǘƘƻƎŜƴ ƻƴƭȅΣ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aCΣ 

ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŀƴŘ ǇŀǘƘƻƎŜƴΣ ΨŀǿŀȅΩ млм-мп ŘŜǊƛǾŜŘ !aC ŀƴŘ ǇŀǘƘƻƎŜƴ ŀƴŘ ΨƘƻƳŜΩ 

Schwarzmann derived AMF and pathogen with disease incidence being 90% and 100% 

ŎƻƳǇŀǊŜŘ рл҈ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ 

and the control. None of the other treatments differed significantly. Disease incidences at 5 
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cm above the stem base did not differ significantly between treatments (p= 0.093) (Figure 

4.17, B).  

  
Figure 4.17 Mean black foot disease incidence (%) for rootstock Schwarzmann at 0 cm (A) and 5 cm (B) 
from stem base colonised with different AMF communities originating from different rootstocks (101-
14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with different letters 
ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ D[a ŀƴŀƭȅǎƛǎΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕ 
SED. 

 Disease Severity  

For rootstock 101-14, there was a significant effect (p< 0.001; Appendix C6) of 

treatment on disease severity at 0 cm above the stem base. The disease severity varied 

between 15% for vines pre-ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community and 

65% for vines inoculated with the pathogen only. The vines inoculated with the pathogen only 

had significantly greater mean disease incidence compared with the untreated control 

ǘǊŜŀǘƳŜƴǘ ŀƴŘ ŀƭƭ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ǘǊŜŀǘƳŜƴǘǎ ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ ǇŀǘƘƻƎŜƴΣ ŜȄŎŜǇǘ ŦƻǊ 

ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ǿƛǘƘ ǇŀǘƘƻƎŜƴ ǘǊŜŀǘƳŜƴǘΣ ǿƛǘƘ ŘƛǎŜŀǎŜ ǎŜǾŜǊƛǘȅ ōŜƛng 

65% for the pathogen only treatment compared with 15% to 37% for the other treatments 

(Figure 4.18, A).  Disease severity was also significantly higher in vines inoculated with the 

ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ǘǊŜŀǘƳŜƴǘ όрр҈ύ ǘƘŀƴ ǘƘŜ ΨƘƻƳŜΩ млм-14 

derived AMF community (16%) and the control treatment (20%). 

For rootstock 5C, there was a significant effect (p< 0.001; Appendix C6) of treatment 

on disease severity at 0 cm above stem base (Figure 4.18, B). The disease severity varied 
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between 15% for vines pre-ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community and 

тл҈ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community and pathogen. 

5ƛǎŜŀǎŜ ǎŜǾŜǊƛǘȅ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨŀǿŀȅΩ млм-14 derived AMF 

ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴΣ ΨƘƻƳŜΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴΣ ŀƴŘ ǇŀǘƘƻƎŜƴ 

ƻƴƭȅ ǘƘŀƴ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨƘƻƳŜΩ млм-14 derived AMF community, with disease severity 

ōŜƛƴƎ тлΦл҈Σ стΦр҈Σ стΦр҈ ǊŜǎǇŜŎǘƛǾŜƭȅ ŎƻƳǇŀǊŜŘ ǿƛǘƘ мрΦл҈ ŦƻǊ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived 

AMF community. All the other treatments did not differ in their mean disease severity (Figure 

4.18, B). 

For rootstock Schwarzmann, there was a significant effect (p< 0.001; Appendix C6) of 

treatment on disease severity at 0 cm above stem base (Figure 4.18, C). The disease severity 

ǾŀǊƛŜŘ ōŜǘǿŜŜƴ мтΦр҈ ŦƻǊ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC 

community and 85% for vines inoculated with the pathogen only. Disease severity was 

significantly higher in vines inoculated with the pathogŜƴ ƻƴƭȅΣ ǘƘŜ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC 

ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴΣ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community and pathogen and 

ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǾƛƴŜǎ ƛƴƻŎǳƭŀǘŜŘ 

ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ǿƛǘƘ disease severity being 85.0%, 

унΦр҈Σ срΦл҈ ŀƴŘ срΦл҈ ǊŜǎǇŜŎǘƛǾŜƭȅ ŎƻƳǇŀǊŜŘ ǿƛǘƘ мтΦр҈ ŦƻǊ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ 

derived AMF community treatment. None of the other treatments differed significantly. 
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Figure 4.18 Mean black foot disease severity (%) for rootstocks 101-14 (A), 5C (B) and Schwarzmann 
(C) at 0 cm from stem base colonised with different AMF communities originating from different 
rootstocks (101-14, 5C and Schwarzmann) and inoculated with black foot pathogen isolates. Bars with 
ŘƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ ōŀǎŜŘ ƻƴ ǘƘŜ {95 ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ D[a ŀƴŀƭȅǎƛǎΦ 
Error bars show ± SED. 

 Black foot disease confirmation  

The identity of representative isolates recovered from the stem pieces for the different 

treatments and morphologically identified as Dactylonectria or Ilyonectria was confirmed by 

sequencing of the histone H3 gene region. The sequences confirmed the identity of the 

isolates as Dactylonectria or Ilyonectria species, confirming infection with black foot disease. 

Isolates recovered from the AMF/Pathogen and Pathogen treated vines were identified as 

Ilyonectria liriodendri, Dactylonectria macrodidyma and D. torrensis (Appendix C7). Moreover, 

isolates recovered from the AMF and control treatments which were not inoculated with black 

foot pathogen isolates were identified as Ilyonectria sp., I. liriodendri, D. torrensis, D. 

macrodidyma and D. novozelandica. 
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 Molecular identification of other fungal groups isolated 

 The colony morphology description and the molecular identification of representatives 

of the sub-cultured fungal groups isolated from grapevine wood pieces grown on PDA are 

presented in Table 4.2 and Figure 4.18. The identified fungi belong to Trichoderma sp., 

Fusarium sp., Diplodia sp., Epicoccum sp., Diaporthe sp. and Botryosphaeria sp.  

Table 4.2 Morphological and molecular identification of representative of the different fungal 
morphotypes recovered from the grapevines stem pieces based on sequencing of the ITS region. 

No Colony morphology Closest match Similarity  Accession # 

A Light brown colony colour, green spores, circular green 
margin  

Trichoderma sp. 99.84% MT626718 

B Pinkish colony colour, fluffy white growth and irregular 
white margin  

Fusarium sp. 99.63% MT530067 

C White yellowish colony colour, flat growth, and circular 
white margin 

Diplodia sp. 99.47% MF687190 

D Red to brown colony colour, little raised in nature, 
irregular brown margin 

Epicoccum sp. 100% KX664337 

E White colony colour, black spores, flat growth, and 
circular white margin 

Diaporthe sp. 99.31% HQ533144 

F Black colony colour, fluffy raised black growth, and 
circular black margin  

Botryosphaeria sp. 99.83% MH518159 

 
 

 
Figure 4.19 Colony morphology of representatives isolates of the fungal groups isolated from 
grapevine stem pieces after 7 days growth on PDA at 20°C. A: Trichoderma sp. B: Fusarium sp. C. 
Diplodia sp. D. Epicoccum sp. E. Diaporthe sp. F. Botryosphaeria sp. 
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 Recovery frequency of black foot pathogens and other dominant fungal 
groups from vines 

Identification of the colonies recovered from the wood pieces from 0 cm and 5 cm 

above the stem base onto PDA showed that the three rootstocks were infected by 

Ilyonectria/Dactylonectria spp. and other fungal groups across all treatments (Figure 4.20). 

For rootstock 101-14, the percentage of the isolates recovered identified as 

Ilyonectria/Dactylonectria spp. varied between 25% and 40% from roostocks treated with the 

ΨƘƻƳŜΩ ϧ ΨŀǿŀȅΩ !aCΣ оп҈ ǘƻ пл҈ ŦƻǊ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŀƴŘ ǇŀǘƘƻƎŜƴΣ тл҈ ŦƻǊ 

pathogen only and 27% for the control. For rootstock 5C, the percentage of the isolates 

recovered identified as Ilyonectria/Dactylonectria spp. varied between 37% and 50% from 

ǊƻƻǘǎǘƻŎƪǎ ǘǊŜŀǘŜŘ ǿƛǘƘ ΨƘƻƳŜΩ ϧ ΨŀǿŀȅΩ !aCΣ сл҈ ǘƻ уо҈ ŦƻǊ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŀƴŘ 

pathogen, 70% for pathogen only and 50% for the control. The recovery frequency of 

Ilyonectria/Dactylonectria spp. from rootstock Schwarzmann varied between 30% and 63% 

ŦƻǊ ǊƻƻǎǘƻŎƪǎ ǘǊŜŀǘŜŘ ǿƛǘƘ ΨƘƻƳŜΩ ϧ ΨŀǿŀȅΩ !aCΣ сн҈ ǘƻ тл҈ ŦƻǊ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŀƴŘ 

pathogen, 55% for both the pathogen only and the control.  

Other potential fungal pathogens and beneficial genera were also recovered from the 

vines. For rootstock 101-14, these fungal groups were distributed across the treatments. 

Botryosphaeria sp. isolates were recovered from the rootstocks ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ р/ 

ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ΨƘƻƳŜΩ млм-14 derived AMF community anŘ ǇŀǘƘƻƎŜƴΣ ΨŀǿŀȅΩ 

Schwarzmann derived AMF community and pathogen and the control treatment with 

percentage frequency varying from 5% to 30%. Diaporthe sp. were only recovered from 

rootstock 101-14 across all treatments, except from vines inoculated with tƘŜ ΨƘƻƳŜΩ млм-14 

derived AMF community, with percentage recovery frequency ranging from 5% to 20%. 

Diplodia sp. isolates were recovered from all treatments except for rootstocks inoculated with 

ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǘƘŜ ΨŀǿŀȅΩ р/ derived AMF community 

and pathogen treatments, with the recovery frequency varying between 5% and 40%. 

Epicoccum sp. isolates were recovered across all the treatments except for vines inoculated 

ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ млм-14 derived AMF community with percentage recovery frequency varying 

between 5% and 15%. Fusarium ǎǇΦ ƛǎƻƭŀǘŜǎ ǿŜǊŜ ǊŜŎƻǾŜǊŜŘ ƛƴ ŀƭƭ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC 

inoculated treatments with and without the pathogen with recovery frequency between 15% 
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and 30%. Trichoderma sp. isolates were recovered across all treatments except for the control 

treatment, with recovery frequency of 5% to 25%.  

For rootstock 5C, Botryosphaeria sp. represented 20% of the isolates recovered  from 

ǘƘŜ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ нр҈ ƻŦ ǘƘŜ isolates 

from the control treatment. Diplodia sp. isolates were recovered from all treatments except 

ŦƻǊ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community and pathogen, with 

the frequency varying between 7% and 30%. Epicoccum sp. isolates were recovered from all 

ǘƘŜ ǘǊŜŀǘƳŜƴǘǎ ŜȄŎŜǇǘ ŦƻǊ ǘƘŜ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ 

AMF community and pathogen, the pathogen only and control treatments, with recovery 

frequency varying between 7% and 20%. Fusarium sp. isolates were recovered from all 

treatments except for the control treatment, with recovery frequency ranging between 7% 

and 17%. Trichoderma ǎǇΦ ǿŀǎ ǊŜŎƻǾŜǊŜŘ ŦǊƻƳ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ млм-14 

ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ !aC ŘŜǊƛǾŜŘ community and pathogen, the 

pathogen only and control treatments, with recovery frequency of 5% to 35%. 

For rootstock Schwarzmann, Botryosphaeria sp. isolates were recovered from 

ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ǘǊŜŀǘƳŜƴǘǎ ŀƴŘ ǇŀǘƘƻƎŜƴ treatment, 

with recovery frequency varying from 7% to 17%. Diplodia sp. were recovered from vines 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ΨŀǿŀȅΩ млм-14 derived 

!aC ŎƻƳƳǳƴƛǘȅΣ ΨŀǿŀȅΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǇŀǘƘƻƎŜƴ ŀƴŘ ΨŀǿŀȅΩ млм-14 derived 

AMF community and pathogen treatments. The recovery frequency varied between 8% and 

20%. Epicoccum ǎǇΦ ƛǎƻƭŀǘŜǎ ǿŜǊŜ ƻƴƭȅ ǊŜŎƻǾŜǊŜŘ ŦǊƻƳ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ 

р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ΨŀǿŀȅΩ млм-мп ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΣ ΨƘƻƳŜΩ Schwarzmann 

derived AMF community and pathogen and the pathogen only treatments with recovery 

frequecy varying between 12% and 22%. Fusarium sp. isolates were recovered from all 

treatments with recovery frequency ranging between 5% and 45%. Trichoderma sp. isolates 

ǿŜǊŜ ƻƴƭȅ ǊŜŎƻǾŜǊŜŘ ŦǊƻƳ ǊƻƻǘǎǘƻŎƪǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ {ŎƘǿŀǊȊƳŀƴƴ ŘŜǊƛǾŜŘ !aC 

ŎƻƳƳǳƴƛǘȅ ŀƴŘ ǘƘŜ ΨŀǿŀȅΩ млм-14 derived AMF community, with recovery frequency being 

8% for both. 
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Figure 4.20 Percentage frequency of the dominant fungal genera isolated from wood pieces from 0 cm 
and 5 cm above the stem based onto PDA grown for 14 days at 20°C from vines treated with different 
AMF communities originating from different rootstocks (101-14, 5C and Schwarzmann) and inoculated 
with black foot pathogen isolates. The percentage recovery frequency for each of the dominant species 
isolated was calculated based on the total number of isolates for all vines in that treatment. 
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 Discussion 

The research within this chapter represents the first attempt to elucidate the effects 

of the whole AMF community on black foot disease infection and growth parameters in 

grapevines. This is in contrast to other studies which have only focussed on the effects of 

specific AMF species on disease levels (Petit & Gubler 2006; Bleach et al. 2008; Holland et al. 

2019). Also, prior studies used commercial AMF inoculum that originated from other crops, 

while in the present study all of the AMF communities originated from grapevines. Although 

AMF are considered general symbionts, distinctive AMF communities were shown to be 

associated with coexisting plant species such as grasses (Gollotte et al. 2003; 

Vandenkoornhuyse et al. 2003; Alguacil et al. 2011), forbs (Martinez-Garcia et al. 2011), and 

trees (Douhan et al. 2005; Husband et al. 2002). Even plants of the same species that differed 

in age harboured distinctive AMF (Aldrich-Wolfe 2007; Torrecillas et al. 2012) which was also 

observed in Chapter 2 and Chapter 3 where different rootstocks from the same site have 

harboured different AMF communities that are beneficial for their growth and development. 

Therefore, this study is unique as it provides an understanding on how young grapevine 

rootstocks pre-ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜƛǊ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ǊŜǎǇƻƴŘ ǘƻ 

challenge with black foot pathogens. 

Although there was no dominant effect of inoculation of the three rootstocks with the 

different AMF communities on disease levels in this study, some of the rootstock/AMF 

community combinations decreased black foot disease incidence and severity. This was 

observed in rootstock 101-мп ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ƛǘǎ ΨƘƻƳŜΩ млм-14 AMF community which 

showed lower disease incidence at 5 cm and disease severity.  The same effect on disease 

severity was observed when 101-мп ǿŀǎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ !aC ŎƻƳǇŀǊŜŘ 

with the pathogen control. There is also an indication (trend) that rootstock 5C inoculated 

ǿƛǘƘ ǘƘŜ ΨŀǿŀȅΩ {ŎƘǿŀǊȊƳŀƴƴ !aC ŎƻƳƳǳƴƛǘȅ ƘŀŘ ƭƻǿŜǊ ŘƛǎŜŀǎŜ ƛƴŎƛŘŜƴŎŜ ŀǘ р ŎƳ ŀƴŘ 

overall disease severity. Similar results were observed in greenhouse experiments where AMF 

decreased infection by root pathogens Phytophthora parasitica (Sukhada et al. 2011) and 

Fusarium oxysporum (Mohandes et al. 2011) in papaya and banana, respectively. Moreover, 

in the Petit & Gubler (2006) study, it was shown that St. George (Vitis rupestris) vines 

inoculated with Rhizophagus intraradices (synonym G. intraradices) were less susceptible to 
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ōƭŀŎƪ Ŧƻƻǘ ŘƛǎŜŀǎŜ ŎŀǳǎŜŘ ōȅ Ψ/ΦΩ ƳŀŎǊƻŘƛŘȅƳǳƳ than non-mycorrhizal vines. They suggest 

that decreased susceptibility was through AMF enhanced plant resistance to biotic stresses. 

However, this was not the case for the two other rootstocks in the current study, where pre-

ƛƴƻŎǳƭŀǘƛƻƴ ǿƛǘƘ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƛncreased disease incidence and 

severity in Schwarzmann and 5C vines, suggesting that disease resistance is a result of specific 

AMF community/rootstock interactions. Increased disease was also observed in a recent 

American study where AMF inoculation increased the abundance of Ilyonectria sp. in 

grapevine rootstock Riparia Gloire (Holland et al. 2019). Furthermore, in the Bleach et al. 

(2008) study, it was stated that there was no black foot infection in rootstocks Riparia Gloire 

and 3309C inoculated with Funneliformis mosseae (synonym G. mosseae). This could indicate 

that different rootstocks interact differently and receive different benefits from specific AMF 

species within the selected communities that colonise their roots.  

 The lack of significant disease control seen in this study might, in part, be due to the 

high disease pressure in the pathogen inoculated treatments, with disease level (incidence at 

0 cm above the stem base) being 100% in a number of the treatments for the different 

rootstocks. A biological agent such as AMF may struggle to reduce disease infection at such 

high disease pressure. This was observed in the Bleach et al. (2008) study where a difference 

at medium disease pressure (<25%) was observed but not at high disease pressure levels 

(>50%) in field planted vines. A reduction of pathogen was observed in other studies where 

Glomus sp. have caused reduction of Fusarium oxysporum disease levels from 51% to 24.6% 

(Kumari & Prabina 2019) and a reduction of Powdery mildew disease levels from 55.2% to 28.7 

% (Singh et al. 2004) in tomato plants. In another study, it was shown that the application of 

Trichoderma harzianum T39 for the control of powdery mildew on cucumber was more 

effective under low disease pressure conditions as compared to under high disease pressure 

conditions (Elad et al. 1998). Studies have also demonstrated that epiphytic Trichoderma spp. 

that was isolated from dogwood plants growing in wild, where the incidence of the disease 

was low, were successful in reducing the disease severity of powdery mildew on dogwood 

under greenhouse conditions (Mmbaga et al. 2008). 

The inoculation method used in this study might have caused high disease level. The 

high disease level was not anticipated as Probst et al. (2019) showed inoculation of wounded 
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roots by soaking in spore suspension of similar concentration with the pathogens I. liriodendri 

or D. macrodidyma resulted in lower disease. In another study, where Vitis rupestris were 

inoculated with 6 mL of spore suspension (107 conidia/mL) directly into the pot, mycorrhizal 

plants showed significantly lower disease severity (Petit & Gubler 2006). In this study the high 

disease level was probably because the vines in this experiment was also inoculated by 

wounding the roots and applying the inoculum as a soil drench 3 months later. This also 

reflects the variability of biological systems when working with both plants and fungi where 

minor changes in any of the variables may result in higher or lower disease incidence. In future 

inoculating with lower inoculum concentration may be prudent, since Probst et al. (2019) 

showed that as little as 102/mL conidia resulted in disease. 

In this current study, the Dactylonectria and Ilyonectria spp. mixed isolate inoculum 

was shown to be pathogenic, infecting three young grapevine rootstocks (101-14, 5C and 

Schwarzmann) originating from rooted one-year old canes where the roots had been 

wounded. This confirmed the findings of Probst et al. (2019) where I. liriodendri and D. 

macrodidyma were also pathogenic causing high disease incidence and severity in 101-14 and 

5C rootstocks. Overall, the disease incidence and severity were, as expected, higher in the 

pathogen inoculated vines compared with the uninoculated vines. However, isolates 

identified as Dactylonectria and Ilyonectria spp. were also isolated from the vines not 

inoculated with the black foot pathogens. The vines were hand watered which could have 

resulted in cross-contamination between adjacent pots via water splash dispersal of inoculum. 

This has been reported in other studies where overhead watering and keeping the soil surface 

bare favoured the dispersal of grapevine trunk pathogen inoculum (Úrbez-Torres et al. 2010; 

van Niekerk et al. 2010; Probst et al. 2019). Although this cannot be discounted, it is more 

likely that the rootstock cuttings obtained from the commercial nursery were already infected 

with these pathogens. Sequencing of representatives of the isolates recovered from the vines 

across all treatments showed these were species not used in the inoculation, such as D. 

torrensis, D. novozelandica and Ilyonectria sp. The majority of the Dactylonectria and 

Ilyonectria species (D. torrensis, D. novozelandica and Ilyonectria sp.) identified as being 

present in the rootstocks prior to pathogen inoculum have previously both been recorded in 

New Zealand on grapes (Pathrose 2012) and have been reported to be pathogenic to 

grapevines (Úrbez -Torres et al. 2014; Cabral et al. 2011a).  
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The presence of the pathogen in the uninoculated treatments could have occurred in 

rootstock propagation material prior to planting as suggested by Halleen & Fourie (2016) since 

this pathogen is not uniformly endophytic in the wood. In this current study, the pathogen 

might have spread between the planting material during the rooting stages of the grapevine 

canes in the pumice which was supported by the lower disease incidence and severity at 5 cm 

compared at 0 cm stem base. This indicates that the infection has entered through the cut 

ends, and potentially during the rooting stage, from a low level of contamination in the 

rootstock material spreading under the warm, moist conditions. To prevent this cross-

contamination the application of non-specific measures such as hot water treatment (HWT) 

of cuttings has been suggested by several studies (Bleach 2013; Waite et al. 2018; Gramaje et 

al. 2018). Bleach et al. (2013) showed that treatment of dormant nursery grapevine material 

at 48.5 °C for 30 min reduced black foot disease incidence. Future studies could hot water 

treat the rootstock cuttings to reduce the background pathogen level. However, in the current 

study the effect of AMF inoculation on the black foot disease incidence and severity in vines 

already infected (non-pathogen inoculated treatments) as well as to protect vines from 

further infection when subsequently challenged could be determined. A recent study also 

showed that HWT could have a negative effect on vines by increasing the susceptibility of 

grapevines when subsequently challenged with trunk pathogens (Fernan Madrigal, MSc. 

2020). This was explained by the fact that grapevine cuttings grown in cool climates such as in 

Australia and New Zealand are more susceptible to injury in HWT than cuttings grown in warm 

climates (Graham 2007; Waite & Morton 2007; Billones-Baiijens et al. 2015). 

Inoculation with the different AMF communities did not reduced disease incidence or 

severity compared with the uninoculated (not pathogen) control indicating that the site the 

communities were obtained from may not have high black foot disease so there was no driver 

to accumulate black foot protective taxa. There are several mechanisms for how AMF protect 

plant against pathogens. It is reported that AMF may reduce pathogen infection by activating 

defence response mechanism in host plants (Azcón-Aguilar & Barea 1996; Pozo & Azcón-

Aguilar 2007; Cameron et al. 2013) also known as induced systemic resistance (MIR). Studies 

reported that the ability of AMF to induce pathogen susceptibility is linked to the timing of 

AMF inoculation (Cordier et al. 1996; Trouvelot et al. 2015; Holland et al. 2019). It is suggested 

that grapevine AMF inoculation should occur prior to pathogen exposure which is necessary 
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to activate the defence mechanism (Cordier et al. 1996). Holland et al. (2019) mentioned that 

inoculating young grapevine with AMF at the nursery could potentially reduce black foot 

disease infection. This could explain why colonisation by AMF did not have any effect on the 

ΨǊŜǎƛŘŜƴǘΩ ƛƴŦŜŎǘƛƻƴ ƭŜǾŜƭǎ ƛƴ ǘƘŜ ǊƻƻǘǎǘƻŎƪ ŎǳƭǘƛǾŀrs or spread of the pathogen inoculum 

between cuttings in the rooting trays. A study showed that infection by other fungi is limited 

when AMF colonize roots (Cordier et al. 1996). This indicates that AMF colonization in the 

roots provide a barrier against pathogen infection via competition for space (Dehne 1982; 

Azcón-Aguilar & Barea 1996, Cordier et al. 1996). This could explain why in Schwarzmann vines 

the disease incidence at 0 cm was significantly higher for vines inoculated with AMF derived 

from 5C only compared with the uninoculated vines. This also suggest that specific AMF taxa 

and their combination could have could have specific effect on host plant. A study showed 

that Rhizoctonia solani was significantly reduced in mixture containing R. clarus while other 

AMF species such as R. intraradices and C. etunicatum did not alleviate the effects of the 

pathogen individually, however, when combined together a significant increase in dry shoot 

biomass was observed in comparison to the pathogen control (Lewandowski et al. 2013).  

In the presence of the pathogen, 101-14 vines performed better with respect to plant growth 

parameters when pre-ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ΨŀǿŀȅΩ р/ !aC ŎƻƳƳǳƴƛǘȅ ǘƘŀƴ ǿƛǘƘ ǘƘŜƛǊ ƘƻƳŜ млм-

14 derived AMF community, having higher shoot growth, root and shoot dry weight and total 

biomass. A similar trend was also seen for 5C vines were most of the growth parameters were 

higher in vines pre-inoculated with AMF community originally derived from 101-14 with or 

ǿƛǘƘƻǳǘ ǘƘŜ ǇŀǘƘƻƎŜƴ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ΨƘƻƳŜΩ р/ ŘŜǊƛǾŜŘ !aC ŎƻƳƳǳƴƛǘȅΦ ¢Ƙƛǎ ǊŜǎǳƭǘ ǿŀǎ 

also observed in the previous research chapter where not all the vines performed better when 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜƛǊ ΨƘƻƳŜΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ōǳǘ ōŜƴŜŦƛǘŜŘ ŦǊƻƳ ōŜƛƴƎ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ 

ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻŦ ǘhe other rootstocks. One explanation for this could be related to 

AMF taxa as it seems that 101-14 could benefit more from Glomus spp. that are present in 

higher abundance in AMF inoculum derived from 5C rootstock but not present in AMF 

inoculum derived from the 101-14 and Schwarzmann rootstocks. Similarly, 5C rootstock 

seemed to benefit more from higher abundance of Funneliformis mosseae that is available in 

101-14 but not in the other AMF communities derived from 5C and Schwarzmann rootstocks. 

A similar trend was observed in Bleach et al. (2008) study where rootstocks had responded 

differently to AMF inoculation with the variation in responses depending on specific AMF and 
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rootstock combination. In the same study it was observed that inoculating rootstocks 5C, 

Riparia Gloire and Schwarzmann with ΨDΦΩƳƻǎǎŜŀŜ increased shoot dry weight while when 

these rootstocks were inoculated with A. laevis, the effect was different as shoot dry weight 

decreased.  

In some cases, rootstocks inoculated only with the AMF communities had lower 

shoot/root dry weight compared to rootstocks that were inoculated with both AMF and the 

pathogen. As suggested by Holland et al. (2019), this may be due to lack of stress which is a 

logical explanation as plants under pathogen stress encourage and depend on AMF 

colonisation.  Grapevines not under pathogen stress would have less need for AMF symbionts.  

In contrast to the results observed with rootstocks 101-мп ŀƴŘ р/Σ ƴƻƴŜ ƻŦ ǘƘŜ ΨƘƻƳŜΩ ƻǊ 

ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƘŀŘ ŀƴ ŜŦŦŜŎǘ ƻƴ ŀƴȅ ƻŦ ǘƘŜ growth parameters of Schwarzmann 

vines in this experiment. This could be due to their relative growth rates, where Schwarzmann 

was seen to be faster in growing than the other two varieties and this was also observed in 

Chapter 3 where total biomass and shoot length and weight were significantly higher in 

Schwarzmann rootstock compared to 101-14 and 5C rootstocks. While AMF are regarded as 

beneficial fungi that promote vine growth and physiological performance (Linderman & Davis 

2001; Belew et al. 2010; Trouvelot et al. 2015, Nicolás et al. 2015), this is not always the case. 

This confirmed the results of other studies where AMF inoculation did not influence plant 

growth in both greenhouse and field studies on grapevines (Corkidi et al. 2004; Holland et al. 

2018; Thomsen 2018).  

Previous studies have shown that AMF form an extensive hyphal network that help 

AMF inoculated plants to absorb water and nutrients, facilitating better photosynthetic rate 

and water osmotic potential (Hoeksema et al. 2010; Veresoglou et al. 2012; Yang et al. 2016). 

In this study, in the leaves of plants of all AMF treatments, the chlorophyll content was higher 

than the pathogen only and control treatment. This contrasts with the results of a recent study 

where the level of chlorophyll in mycorrhizal plants were lower than non-mycorrhizal 

milkvetch (Astragalus adsurgens) plants (Liu et al. 2018). In that study the lower levels of 

chlorophyll resulted in reduced photosynthesis and lower production of carbohydrate which 

explained the reduced growth of milkvetch plants; this was not the case in this study.  

In New Zealand, there is evidence that rootstock 101-14 may be more susceptible to 

black foot disease than other rootstocks (Bonfiglioli 2005). In the study of Jaspers et al. (2007) 



 
 
 
 
 

134 

101-14 was shown to be have the highest susceptibility to a mixed inoculum of 

Ψ/ȅƭƛƴŘǊƻŎŀǊǇƻƴΩ spp. with Schwarzmann and 5C having the lowest susceptibility. Probst et al. 

(2019) however reported that although there was a trend in some assessments for slightly 

higher disease levels in 101ς14 than in 5C, overall, there was no significant difference between 

the two rootstocks. In the Bleach et al. (2020) study, at higher disease pressure, 101-14 and 

Schwarzmann were shown to be more susceptible than 5C. This was not the case in this study, 

where all tested rootstocks were susceptible to black foot disease; Schwarzmann and 5C being 

the most susceptible and 101-14 the least based on the disease incidence and severity results. 

The presence of high disease level could explain some of the differences seen in this study 

compared with other studies. This might also be related to the genera/species used (either in 

inoculation or in vineyard soil experiments) which may have affected the relative susceptibility 

ranking of the rootstocks. This was seen in Brown et al. (2013) study where the studied 

rootstocks were susceptible to Cylindrocladiella parva isolates with Riparia Gloire followed by 

Schwarzmann and 5C having the highest disease incidence and severity compared to 101-14 

being lowest. Another study demonstrated that both Schwarzmann and Riparia Gloire 

rootstocks inoculated with D. pauciseptata showed infection symptoms at the assessed times 

(Sheng et al. 2018). 

This study showed that disease incidence/severity was not associated with the 

decrease in growth parameters as seen in other studies (Probst et al 2019) and could indicate 

that the experimental period was too short. Whitelaw-Weckert (2007) reported that disease 

development was slow with no above-ground symptoms observed after 18 months, and 

rotten roots seen only after 3 years.  While this could indicate that glasshouse is a protective 

environment, this was not the case in this study as disease symptoms were observed after 5 

months of inoculating the vines with the pathogen.  

Of the species used to inoculate the vines, both Ilyonectria liriodendri and 

Dactylonectria macrodidyma were recovered from the vines indicating their pathogenicity 

under the experimental conditions. Isolates identified as I. europaea were not identified but 

this does not necessarily mean that the isolate of I. europaea used in the mixed isolate 

inoculum did not infect the vines as only a representative of the recovered isolates were 

sequenced for identification. Further, the inoculum level of this isolate was low in the overall 

inoculum, being only 104 spores/mL. which might have resulted in low levels of infection by 
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this isolate. As well as Ilyonectria and Dactylonectria spp. other potentially beneficial fungi 

(Trichoderma sp.) and fungi associated with grapevine trunk diseases (Botryosphaeria sp., 

Diplodia sp. and Diporthe sp.) were recovered from the grapevine plants across the different 

treatments. The reason why 101-14 rootstock overall had lower black foot disease incidence 

and severity compared to other rootstocks may have been due to the high proportion of 

Fusarium spp. and Trichoderma spp. recovered from this rootstock for most treatments. This, 

along with AMF inoculation, may have reduced the infection by the black foot pathogen. 

Studies have shown that AMF and Trichoderma spp. have successfully reduced black foot 

infections in nurseries (Petit & Gubler 2006, Bleach et al. 2008; Gramaje & Armengol 2011). 

Moreover, Fusarium spp. are also known to provide plants protection from root pathogens 

and reduce disease infection in various horticultural plants and tree species (de Lamo & 

Takken 2020). As for rootstocks 5C and Schwarzmann, it was shown the plants were 

dominated by black foot and other grapevine trunk disease pathogens which could have 

resulted in the higher level of disease incidence and severity.  

In conclusion, this study showed that the high level of disease present in the rootstocks 

limited the effect of AMF community with only small evidence that AMF treatments lowered 

disease incidence and severity in vines. It was evident that the rootstocks differ in their 

susceptibility and their interaction with the pathogen. It was also noticed that the high disease 

incidence and severity did not stop the increase in growth in vines with AMF inoculation 

compared to the vines inoculated with the pathogen only. This work aimed to fill a gap in 

knowledge regarding AMF- plant- pathogen interactions but further research is required to 

understand how the presence of AMF could also increase grapevine growth parameters while 

vines are severely infected with black foot disease. Moreover, future work in a vineyard site 

with natural inoculum would be a useful next step.   
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Chapter 5 

The effect of vineyard management on the AMF communities 

 Introduction 

During its life cycle, the grapevine is exposed to agriculture practices that encourage 

optimum growth and development for viticultural purposes. The conventional system involves 

a wide range of fertiliser applications, soil management such as tillage, weed control 

(chemically or mechanically); pests and diseases control using pesticides etc. The high number 

of inputs and intensive use of agricultural land has a negative impact on the environment, 

resulting in the degradation and a reduction of ecosystem biodiversity (Trouvelot et al. 2015; 

Bouffaud et al. 2016). In contrast, using an organic system is considered to be more 

sustainable for viticulture with a focus on reducing fertiliser, pesticides/herbicides by taking 

an agroecological approach using biological and biodynamic management practices (Altieri 

2002). It has also been reported that organic management systems can have a positive effect 

on the diversity of several groups of organisms (Leksono 2017). Studies have confirmed that 

below ground biodiversity is an important component of soil fertility as it enhances plant 

productivity and ecosystem sustainability (Chen et al. 2020). Arbuscular mycorrhizal fungi 

(AMF) are beneficial fungi that belong to the Glomeromycotina subphylum (Spatafora et al. 

2016) and colonise up to 80% of vascular plants including grapevines. In vineyards, AMF have 

been shown to promote plant growth, enhance nutrient uptake and increase plant resistance 

against pathogenic fungi and nematodes (Linderman & Davis 2001; Schreiner et al. 2007; 

Gianinazzi et al. 2010).  

Most studies on AMF have focused on natural ecosystems revealing that roots of 

individual plants are colonised by multiple AMF species, often with 10 to 20 taxa per sample 

(Stukenbrock & Rosendahl & 2005; Ji et al. 2013). Other studies showed that AMF 

communities were more diverse within some agricultural ecosystems than previously 

hypothesized (Hijri et al. 2006). The development of new molecular techniques such as next 

generation sequencing (NGS) allows researchers to obtain a greater depth of sequencing. 

However, there is a conflict on whether operational taxonomic units (OTUs) characterised 

with NGS represent separate species or whether these methods overestimate AMF richness 
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and diversity (Dumbrell et al. 2010; Gorzelak et al. 2012; House et al. 2016). Recent studies 

have showed that the Illumina Miseq platform was effective for investigating the diversity of 

AMF communities in both the roots and the rhizosphere soils in many agricultural ecosystems 

including vineyards (Van der Heijden et al. 2015; Cui et al. 2016, Zhu et al. 2016; Bouffaud et 

al. 2016; Berruti et al. 2017; Zeng et al. 2019). 

In order to manage AMF communities and their benefits in vineyard ecosystems, a 

better understanding of how management practices influence AMF diversity and composition 

is needed. As stated by Oehl et al. (2003), the intensity of agricultural management has a large 

influence on community diversity of AMF. Soil and foliar fertilisation, especially with 

phosphorus (P), is known to reduce AMF root colonisation in many ecosystems including 

vineyards (Karagiannidis & Nikalaou 1999). Also, AMF colonisation and berry composition in 

vineyards was affected by nitrogen (N) fertilisation (Nikalaou et al. 2002). Furthermore, the 

application of herbicides for weed control is very common in vineyards and weed/cover crops 

have an impact on soil communities and promote soil beneficial microbes (Baumgartner et al. 

2010). However, it was revealed that the diversity of mycorrhizal hosts within the vineyard did 

not have any significant influence on AMF community diversity and colonisation in grapevines 

(Baumgartner et al. 2010). Another study suggested that weeds such as Plantago lanceolata 

L. and Tanacetum cinerariifolium could influence the AMF colonisation in grapevine (Radic et 

al. 2012). In some small-scale studies, organic management has been shown to enhance AMF 

richness (Oehl et al. 2003; Hijri et al. 2006) and colonization levels (Bending et al. 2004), but 

in a more recent study directly related to grapevines there was no clear evidence that 

management practices affected the diversity of AMF (Bouffaud et al. 2016). The difference in 

results can be explained either by the limited number of field sites sampled or the use of 

varying methods to identify AMF diversity.  

Therefore, it is still unclear whether organic or conventional management can 

stimulate or suppress AMF species diversity/abundance especially in grapevines. 

Furthermore, little is known as to whether AMF communities found in organically managed 

vineyards are distinct from those found under conventional vineyards. Thus, the aim of this 

chapter was to study the impact of management practices on the AMF community and 

determine the AMF species diversity colonizing the roots of different rootstocks grafted with 
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Sauvignon Blanc and Pinot Noir. The vineyards sampled in this study are part of the New 

Zealand Winegrowers Vineyard Ecosystem project (MBIE Endeavour Programme).  

 Materials and Methods 

 Study sites  

Twelve vineyards were chosen for this study and are located in the Marlborough 

district, situated in the South Island of New Zealand. Half of the selected sites are managed 

organically and the other half conventionally. For each organic vineyard site, a conventional 

vineyard site in close proximity planted with the same variety, rootstock (if possible) and of 

similar vine age was selected (Table 5.1). The paired organic and conventional vineyards were 

selected in order to ensure that the geo-climatic conditions and soil type were similar. All 

available data recorded by the New Zealand Vineyard Ecosystem project as well as interviews 

with the vineyard managers regarding the history of their management practices were made 

available by Plant & Food Research Ltd scientists. The questions asked and the summary 

answers of the most common conventional and organic management practices adopted in the 

vineyards are presented in Appendix A5.1. 

Table 5.1 Summary of the 12 vineyard locations in Marlborough used in this study, including variety, 
rootstock, year of planting, agricultural management practices and location. GPS coordinates are in 
hours-minutes-seconds format. 

N Variety Rootstock Year 

Planted 

Agriculture System GPS location (hr-min-sec) 

V1 Sauvignon Blanc SO4 1998 Conventional 173 49 36.79 E, 41 31 22.73 S 

V2 Sauvignon Blanc SO4 1995 Organic 173 50 9.67 E, 41 31 16.70 S 

V3 Sauvignon Blanc 101-14 2002 Conventional 173 55 7.65 E, 41 28 40.33 S 

V4 Sauvignon Blanc 101-14 2003 Organic 173 50 32.01 E, 41 27 41.30 S 

V5 Sauvignon Blanc 5C 1999 Conventional 173 46 12.31 E, 41 30 38 92 S 

V6 Sauvignon Blanc 5C 1998 Organic 173 54 43.19 E, 41 29 29.11 S 

V7 Pinot Noir Riparia Gloire 2002 Conventional 173 46 19.50 E, 41 33 43.62 S 

V8 Pinot Noir Riparia Gloire 1998 Organic 173 48 42.26 E, 41 33 15.64 S 

V9 Pinot Noir 3309C 1999 Conventional 173 51 20.72 E, 41 33 56.02 S 

V10 Pinot Noir SO4 1991 Organic 173 50 54.96 E, 41 31 47.48 S 

V11 Pinot Noir 101-14 2000 Conventional 173 55 25.75 E, 41 32 35.90 S 

V12 Pinot Noir Schwarzmann 2000 Organic 173 54 14.68 E, 41 32 52.05 S 
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 Root and soil sampling 

Root and soil samples were collected from beneath the vines in January 2018 from 

each site. From each vineyard, five vines were randomly selected for sampling from separate 

bays and avoiding the end bay. Roots were collected from two sampling directions (inter row 

and intra row) as previously described in Chapter 2 (Section 2.2.2). Five soil samples were 

collected from each of the randomly selected grapevines from the top 15 cm using a soil corer 

(diameter = 4 cm and volume = 190 cm3) for analysis of the soil physicochemical properties. 

After packing in sterile bags, these soil samples were transported in a cool box to the Lincoln 

University laboratory and stored at 4°C until processing for analysis.  

 Soil and root processing 

The roots were processed as described in Chapter 2 (Section 2.2.3) where half of the 

fine grapevine roots hand-collected from the field were also used for setting up AMF trap 

cultures and the other half were stored in 20% glycerol at -80°C for DNA extraction. Soil 

samples from each rootstock variety from each site were bulked, air dried at room 

temperature, sieved and used for physicochemical and nutrient properties following the 

methods described in Chapter 2 (Section 2.2.8). 

 AMF trapping cultures and mycorrhizal colonisation assessment 

Trap cultures were set up in February 2018 as described in Chapter 2 (Section 2.2.4). 

However, the plants were left to grow in the greenhouse for two seasons in order to increase 

the AMF spores in the pots and to provide sufficient time for the communities to produce 

spores and colonise the roots of the baiting plants.  

The trap cultures were harvested in May/June 2019 and four root 

replicates/treatments were cleared, stained in trypan blue and assessed for mycorrhizal 

colonisation using the methods described in Chapter 2, Section 2.2.5. Spores were extracted 

and identified morphologically and by sequencing 5 replicates per spore morphotypes using 

the NS31/AML2 primer set as described previously in Chapter 2, Section 2.2.6.  
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 Next Generation Sequencing (Illumina MiSequencing) 

Illumina MiSequencing was used in this chapter to determine the AMF community 

structure and diversity differences colonising grapevine roots sampled from conventional and 

organically managed vineyards. 

5.2.5.1. Root DNA extraction 

Root samples (120 samples) stored in 20% glycerol at -80ᴈ were used for DNA 

extraction (Section 5.2.3). Roots were washed several times with sterile water. Samples were 

placed into a mortar and crushed into powder using liquid nitrogen with a pestle. The 

powdered tissue (30-50 mg) was immediately loaded into a 1.5 mL microcentrifuge power 

bead tube and suspended in 400 µL Qiagen lysis buffer. The tubes were vortex at maximum 

speed for 10 min. Total DNA was then extracted using the DNeasy PowerPlant Pro Kit (Qiagen 

[ŀōƻǊŀǘƻǊƛŜǎΣ IƛƭŘŜƴΣ DŜǊƳŀƴȅύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ǿƛǘƘ ŀ Ŧƛƴŀƭ Ŝƭǳǘƛƻƴ 

volume of 30 µL.  

5.2.5.2. Library preparation and PCR amplification 

Libraries of small subunit ribosomal RNA (18S region) fragment amplicons were 

ǇǊŜǇŀǊŜŘ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ ōȅ tǊƻŦΦ Lŀƴ 5ƛŎƪƛŜΩǎ ǘŜŀƳ ŀǘ /ŀƴǘŜǊōǳǊȅ ¦ƴƛǾŜǊǎƛǘȅΦ ! ǎƛƴƎƭŜ t/w ǿŀǎ 

performed using primers NS31 and AML2. This primer set was modified for usage within the 

Illumina Miseq platform according to the protocol of Caporaso et al. (2012) as follow:  

NS31 (forward primer): 

Forward Illumina adapter P5 (AATGATACGGCGACCACCGAGATCTACAC) + Forward Pad 

(TATGGTAATT) + Forward Linker (CT) + NS31 forward primer (TTGGAGGGCAAGTCTGGTGCC). 

AML2 (reverse primer): 

Forward Illumina adapter P7 (CAAGCAGAAGACGGCATACGAGAT) + Golay barcodes (example: 

GCTGTACGGATT) + Reverse Pad (AGTCAGTCAG) + Forward Linker (AC) + AML2 reverse primer 

(GAACCCAAACACTTTGGTTTCC). Reverse primer constructs were modified to include a 12-

base Golay index to enable demultiplexing during data processing (Appendix D1). 

For each sample, PCR was carried out using 0.2 mM dNTPs, 10 pmol of forward primer 

NS31 iL, 10 pmol of uniquely barcoded reverse primer AML2 iL, 5 U of Taq DNA polymerase, 

мл ˃Ǝκ˃[ BSA (Bovine Serum Albumin), 1 x reaction buffer supplied reaction buffer (Promega 

Inc., Seoul, Korea) and м ˃[ ƻŦ ƎŜƴƻƳƛŎ 5b! ŜȄǘǊŀŎǘΦ ¢ƘŜ ǾƻƭǳƳŜ ǿŀǎ ŀŘƧǳǎǘŜŘ ǳǎƛƴƎ wb! ŦǊŜŜ 
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PCR H2O to a total volume of 25 µL. The PCR was run as follows: initial denaturation at 94ᴈ 

for 3 min, followed by 30 cycles at 94ᴈ for 45 s, 63.1ᴈ for 1 min, 72ᴈ for 1 min 30 s, followed 

by a final extension period at 72ᴈ for 10 min. PCR were performed in duplicate for each 

sample, checked for the correct band size on a 1.5% electrophoresis gel and pooled prior to 

PCR clean up using UltraClean PCR Clean-up kit (QIAGEN-MO BIO). The samples were sent to 

Auckland genomics facility and sequenced on an Illumina MiSeq using version 2, 2 × 250-bp 

paired-end chemistry. 

 Bioinformatics analysis  

Data were analysed using a custom bioinformatic pipeline. Raw sequence reads were 

demultiplexed to obtain a single file for each sample. Reads that had read length < than 200 

nucleotides, average Phred quality score < than 25 or the presence of ambiguous base inside 

the read were discarded. Sequences were blasted into NCBI and MaarjAM databases using 

97% identity for genus level and 99% identity to species level with a query coverage of 85%. 

During data processing, it was found that most sequenced amplicons (~ 530 bp) were too long 

to allow for overlap with the Illumina MiSeq version 2, 2 × 250-bp, and thus could not be 

aligned and assembled. Therefore, an OTU table was generated for both the forward and 

reverse sequences separately. The bioinformatic analysis was completed under the guidance 

of Dr Preeti Panda (Plant & Food Research). The AMF identity data from the two databases 

were compiled into one file by comparing the identity information generated by the two 

databases. The forward sequences were used for the analysis as they generated better quality 

sequences that gave a higher identity compared to the reverse sequences.  

 Statistical analysis  

In order to compare the AMF communities between varieties, rootstocks, 

management systems and their interactions a further analysis using MicrobiomeAnalyst, a 

free available on-line software (https://www.microbiomeanalyst.ca), was carried out as 

suggested by Sergaki et al. (2018) and Massa et al. (2020). A phyloseq file was generated by 

combining the OTU, taxonomy and metadata files together. Alpha diversity analysis was 

performed using the phyloseq package (McMurdie & Holmes 2013). The results were plotted 

across samples and reviewed as box plots for each group or experimental factor. The statistical 

significance of grouping based on experimental factor was also estimated using a t-test. Beta 
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diversity analysis was performed using the phyloseq package (McMurdie & Holmes 2013). 

Principle Coordinate Analysis (PCoA) using Bray-Curtis distance-based method was applied 

and the statistical significance of the clustering pattern in ordination plots were evaluated 

using Permutational ANOVA (PERMANOVA).  

 Results 

 AMF communities in the trap cultures 

5.3.1.1. AMF colonisation assessment of grapevine roots 

The roots stained with trypan blue were confirmed for AMF colonisation by the 

presence of AMF structures such as aseptate hyphae, arbuscules and vesicles in all roots 

sampled from the trap cultures (Figure 5.1, A & B) as well as the roots sampled from the field 

that were checked for AMF colonisation prior to trap culture set up (Figure 5.1, C & D).  

 

Figure 5.1 Representative micrographs of confirmation of AMF colonisation of trypan blue stained 
grapevine roots. A & B:  Grapevine roots from trap cultures showing typical AMF colonisation. C & D: 
Grapevine roots sampled from the field of showing typical AMF colonisation. V: vesicle, A: arbuscules, 
AH: aseptate hyphae. The scale bar represents 100 µm. 

The percentage of mycorrhizal colonisation showed that AMF colonisation varied 

between 60% for Riparia Gloire rootstock inoculated with root samples collected from organic 

Pinot Noir with Riparia Gloire rootstock and 87% for SO4 rootstock inoculated with root 
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samples collected from conventional Sauvignon Blanc with SO4 rootstock (Figure 5.2). The 

ANOVA test showed that the roots from the trap cultures set up for root material from the 

different vineyards differ significantly (p=0.002) in their percentage AMF colonisation 

(Appendix D2). The AMF colonisation in rootstock SO4 in trap cultures inoculated with root 

samples collected from conventional Sauvignon Blanc grafted to rootstock SO4 was 

significantly higher compared to root samples from SO4 rootstock inoculated with roots from 

the organic Pinot Noir and Sauvignon Blanc grafted to SO4 rootstock (by 24% & 26%, 

respectively), rootstock 5C inoculated with root samples collected from organic Sauvignon 

Blanc grafted to rootstock 5C (by 22%), and Riparia Gloire rootstock inoculated with roots 

from the organic Sauvignon Blanc grafted to rootstock Riparia Gloire (by 22%).  

 

Figure 5.2 Percentage arbuscular mycorrhizal fungi colonisation of stained grapevine roots from the 
trap cultures produced from roots of different rootstocks (101-14, 5C, SO4, Schwarzman, Riparia Gloire 
& 3309C) inoculated with root samples collected from twelve different vineyards with two 
management system (conventional & organic), two varieties (Pinot Noir & Sauvignon Blanc) and the 
ǎŀƳŜ ǊƻƻǘǎǘƻŎƪǎ ǳǎŜŘ ŦƻǊ ǘǊŀǇ ŎǳƭǘǳǊŜǎΦ .ŀǊǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ 
Error bars show ±1SE. Mean of four samples. Sch: Schwarzmann, RG: Riparia Gloire. 
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Vines grown with roots derived from conventional vineyards had significantly (p 

<0.001) more mycorrhizal colonisation than vines grown with roots derived from organic 

vineyards (Figure 5.3), with conventional vineyards being 10% higher than the organic 

vineyards (Appendix D3). 

 

Figure 5.3 Percentage arbuscular mycorrhizal fungi colonisation of stained grapevine roots from the 
trap cultures between two management vineyard system (conventional & organic). Bars with different 
letters are significantly different όǇ Җ лΦлрύΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ҕм{9Φ aŜŀƴ ƻŦ ŦƻǳǊ ǎŀƳǇƭŜǎ ǇŜǊ ǾƛƴŜȅŀǊŘΣ 
for 6 vineyards per management system. 

No AMF spores were found in the six control pots (uninoculated) used to confirm there 

was no cross-contamination between pots (Table 5.2). Five spore morphotypes were isolated 

from the trap cultures generated from roots from the different grapevine rootstocks and 

varieties in both the conventional and organic vineyards. Sampling position, inter or intra row, 

did not affect (p=0.263) the diversity of AMF communities in conventional and organic 

vineyards. However, observations on the presence of the different spore morphotypes and 

spore counts for the trap cultures (Appendix D4) showed that there were differences in AMF 

community diversity between the twelve vineyards and that the spore abundance was higher 
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in most of the trap cultures derived from root material from the conventional vineyards 

compared to those from organic vineyards.  

Table 5.2 Arbuscular mycorrhizal fungi spore morphotypes (M1-5) observed and recorded in each of 
the grapevine rootstocks from trap cultures set up using root samples from the twelve vineyard sites. 

Vineyard # Agriculture practice Variety Rootstock M1 M2 M3 M4 M5 

V1 Conventional Sauvignon Blanc SO4 X X X   
V2 Organic Sauvignon Blanc SO4 X X X   
V3 Conventional Sauvignon Blanc 101-14 X X X X X 
V4 Organic Sauvignon Blanc 101-14 X X X X  
V5 Conventional Sauvignon Blanc 5C X X X  X 
V6 Organic Sauvignon Blanc 5C X X X   
V7 Conventional Pinot Noir Riparia Gloire X X  X  
V8 Organic Pinot Noir Riparia Gloire X X X   
V9 Conventional Pinot Noir 3309C X X X  X 
V10 Organic Pinot Noir SO4 X X X   
V11 Conventional Pinot Noir 101-14 X X X  X 
V12 Organic Pinot Noir Schwarzmann X X X X  

 

     
Morphotype 1 Morphotype 2 Morphotype 3 Morphotype 4 Morphotype 5 

 

The AMF spore morphotypes identified from trap cultures belonged to Ambispora sp., 

Funneliformis sp., Glomus sp., and Claroideoglomus sp. (M1-M5) with sequence similarity of 

99-100% with species in the MaarjAM and NCBI databases (Table 5.3). Ambispora and 

Funneliformis sp. (M1 and M2, respectively) were observed in high abundance across the 

twelve vineyards, Glomus sp. 1 (M3) was observed in all vineyards except for vineyard V7 

(conventional), Glomus sp. 2 (M4) was abundant in vineyards V3 (conventional), V4 (organic), 

V7 (conventional) and V12 (organic), Claroideoglomus sp. (M5) were observed in vineyards V3 

(conventional), V5 (conventional), V9 (conventional) and V11 (conventional). The use of 

primer set NS31/AML2 (550 bp) did not identify AMF spore morphotypes to species level. 

Spore sequences were submitted to Genbank accession numbers MZ068228-MZ068232.  

However, based on the spore morphology description in Blaszkowski (2012), morphotypes 

M1, M2, M3, M4 and M5 were morphologically similar to Ambispora leptoticha, Funneliformis 

mosseae, Glomus coronatum, Glomus macrocarpum and Claroideoglomus lamellosum, 

respectively. 
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Table 5.3 Vineyard site, morphotypes and identity of arbuscular mycorrhizal fungal spores isolated 
from grapevines using trap cultures. 

Type  Vineyard site 

Spore Morphotype Closest match Accession No 

(Identity) 
Colour Shape Size (diam.)  

M1 All vineyards   Pale brown Globose ул ˃Ƴ Ambispora sp. 
HG972937 

(99%) 

M2 All vineyards  Pale yellow Globose ур ˃Ƴ Funneliformis sp. 
MN726657 

(100%) 

M3 
All vineyards except for V7 

(C)* 
Yellow brown Sub-Globose ур ˃Ƴ Glomus sp. 1 

HG380218 

(99%) 

M4 
V3 (C), V4 (O)*, V7 (C) & 

V12 (O) 
Red Globose ор ˃Ƴ Glomus sp. 2 

GU353897 

(99%) 

M5 
V3 (C), V5 (C), V9 (C) & V11 

(C) 
Pale cream Globose мол ˃Ƴ Claroideoglomus sp. LN618176 (99%) 

* (C) = Conventional; (O) = Organic 

5.3.1.3. Soil analysis 

The PERMANOVA analysis of soil physico-chemical properties (Appendix D6) showed 

no significant (p>0.05) difference in these properties across the vineyards (Appendix D5). The 

only significance effect was observed with soil moisture content (p=0.011). 

 Next generation sequencing analysis of AMF communities 

The total number of OTUs obtained was 9656 of which 9155 OTUs belongs to AMF, 

105 OTUs to bacteria and 396 OTUs to fungi and plant. Data filtration was performed in order 

to remove all bacteria, plant, fungi and other unassigned OTUs that are not AMF. The following 

phyla were removed: Actinobacteria, Bacteroidetes, Planctomycetes, Proteobacteria, 

Verrucomicrobia, Annelida, Apicomplexa, Arthropoda, Ascomycota, Basidiomycota, Cercozoa, 

Chlorophyta, Chlordata, Chytriomycota, Ciliophora, Cryptophyta, Heterolosea, Nematoda, 

Platyhelminthes, Rotifera and Steptophyta. The unclassified, undetermined and unassigned 

sequences were not removed as they could be novel AMF species. Samples with read counts 

< 10 000 reads were removed from the analysis. The total number of samples removed was 

12 across all vineyards. AMF reads numbers were rarefied to the minimum library size before 

further statistical analysis (Appendix D7). 
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5.3.2.1. Community structure and composition  

The identified AMF community in grapevine roots across the twelve vineyards 

belonged to six families (Figure 5.4). Most of the detected sequences were assigned to the 

Glomeraceae family with a relative abundance read of 82.94%, followed by 

Claroideoglomeraceae (13.61%). AMF that belonged to Diversisporaceae, Paraglomeraceae, 

Archaeosporaceae and Gigasporaceae were also detected in the grapevine roots but at 

relative read abundances of Җ1%.  

 

Figure 5.4 Percentage of relative read abundance of AMF sequences detected at the family level in 
grapevine roots. 

Most identified AMF sequences belonged to Glomus (76.26%) and Claroideoglomus 

(12.58%) genera. A total of 8% of the sequences were not assigned to genus level. Other AMF 

genera such as Rhizophagus, Funneliformis, Diversispora, Paraglomus, Archaeospora and 

Cetraspora were also detected in the grapevine roots but at relative read abundances of Җ1% 

(Figure 5.5).    
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Figure 5.5 Percentage of relative read abundance of AMF sequences detected at the genus level in 
grapevine roots. 

The most abundance sequences detected belonged to Glomus sp. 1 (49.12%) followed 

by other Glomus sp. 2 - 17 (23.32%), Claroideoglomus sp. (7.35%) and Rhizophagus irregularis 

(1%). AMF species belonging to Diversispora and Cetraspora had low abundance in the roots, 

with relative abundances of Җ1% (Figure 5.6). The barcoded primer set NS31/AML2 was not 

able to identify all the AMF community to species level. The only identifed AMF species were 

Glomus macrocarpum, Funneliformis mosseae, Claroideoglomus lamellosum, C. claroideum, 

Rhizophagus irregularis, R. intraradices, Cetraspora pellucida, Diversispora epigea and D. 

spurca. The complete information of the AMF species identification is presented in Appendix 

D8.   
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Figure 5.6 Percentage of relative read abundance of AMF sequences detected at the species level in 
grapevine roots. 

Alpha diversity was determined using Shannon and Chao1 diversity indices which are 

the comprehensive indicators of species richness and uniformity in a community. Figure 5.7 

shows the alpha diversity using the Shannon and Chao1 indices for the management practices 

(A & B), varieties (C & D), and the interaction between the two factors (E & F). The alpha 

diversity Shannon index showed that the species diversity in conventional vineyards was 

significantly (p= 0.04604) higher than the organic vineyards (Figure 5.7, A). The alpha diversity 

Chao1 index showed significantly (p= 0.04971) higher species richness in the organic vineyards 

compared to conventional vineyards (Figure 5.6, B). There was no significant difference in the 

species richness and uniformity between Pinot Noir and Sauvignon Blanc (p= 0.4144 and p= 

0.9796, respectively) (Figure 5.7, C & D) and the management practice and scion variety 

interaction (p=0.4512 and p= 0.32516, respectively) (Figure 5.7, E & F).  
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Figure 5.7 Alpha diversity measured by Shannon and Chao1 diversity indices plotted for (A & B) 
management practice (conventional and organic vineyards), (C & D) variety (Pinot Noir and 
Sauvignon Blanc) and (E & F) interaction between management practice and variety, respectively. 
The line inside the box represents the median, while the whiskers represent the lowest and highest 
values within the 1.5 Shannon and 40 for Chao1 interquartile range (IQR), for Shannon and Chao1 
diversity indices, respectively. The dots represent the samples and the black diamond dot represent 
the average of the samples. Alpha diversity analysis was performed using the phyloseq package of 
MicrobiomeAnalyst, a free available on-line software (https://www.microbiomeanalyst.ca). 

 

https://www.microbiomeanalyst.ca/
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Statistical testing for Shannon and Chao1 diversity indices showed no significant (p= 

0.68247 and p= 0.9938 respectively) difference in the species richness and evenness between 

the rootstocks (Figure 5.8, A and B). 

 

Figure 5.8 Alpha diversity measured by Shannon (A) and Chao1 (B) diversity indices plotted for 
rootstocks. The line inside the box represents the median, while the whiskers represent the lowest and 
highest values within the 1.5 Shannon and 40 for Chao1 interquartile range (IQR), respectively for 
Shannon and Chao1 diversity indices. The dots represent the samples and the black diamond dot 
represent the average of the samples. Alpha diversity analysis was performed using the phyloseq 
package of MicrobiomeAnalyst, a free available on-line software (https://www.microbiomeanalyst.ca) 

For the rootstocks which occurred in both the paired conventional and organic 

vineyards (Table 5.1) a separate analysis was conducted to investigate the interaction 

between management and rootstock. There was no significant (p=0.8873) difference in the 

Shannon diversity for rootstock alone (Figure 5.9, A). Alpha diversity analysis using Shannon 

index showed a significant difference (p=0.0438) in species diversity in the interaction 

between management system and the rootstock. Conventional vineyards with rootstocks 101-

14, 5C, Riparia Gloire and organic SO4 had significantly higher species diversity compared to 

organic vineyards with rootstocks 101-14, 5C, Riparia Gloire and conventional SO4 (Figure 5.9, 

C). There was no significant difference in the alpha diversity Chao 1 index for the rootstock 

(p=0.95109; Figure 5.9, B) and the management practice with the rootstock (p=0.40571; 

Figure 5.9, D). 

https://www.microbiomeanalyst.ca/
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Figure 5.9 Alpha diversity measured by Shannon diversity and Chao1 indices are plotted for rootstock 
(A & C) and management practices and rootstock (B & D), respectively. The line inside the box 
represents the median, while the whiskers represent the lowest and highest values within the 1.5 
interquartile range (IQR), respectively for Shannon and Chao1 diversity indices. The dots represent the 
samples and the black diamond dot represent the average of the samples. Alpha diversity analysis was 
performed using the phyloseq package of MicrobiomeAnalyst, a free available on-line software 
(https://www.microbiomeanalyst.ca). 
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5.3.2.3. Beta diversity 

There was no significant difference in the beta diversity between samples from organic 

and conventional vineyards (Figure 5.10, A; p=0.169), two scion varieties (Figure 5.10, B; 

p=0.545), the management system and scion variety (Figure 5.10, C; p=0.6) and the rootstocks 

(Figure 5.10, D; p=0.516) analysed by PERMANOVA. The samples did not cluster by factor, 

indicating no significant effect of the factors. However, the PCoA graphs shows that, overall, 

the organic vineyards were more homogenous with the individual samples more tightly 

clustered than samples from the conventional vineyards (Figure 5.10, A). Furthermore, organic 

Pinot Noir was more homogenous than conventional Pinot Noir (Figure 5.10, C)  

 

 

Figure 5.10 Principal Coordinates Analysis (PCoA). Comparison by PCoA of the ecological distance 
(with the BrayςCurtis distance-based method) of the different factors. (A) Management practice 
effect (conventional vs organic), PERMANOVA F-value: 1.7503; R-squared: 0.040006; p-value 
<0.169. (B) Variety effect (Sauvignon Blanc vs Pinot Noir), PERMANOVA F-value: 0.57296; R-squared: 
0.013458; p-value <0.545. (C) Interaction effect of management practice and variety, PERMANOVA 
F-value: 0.8659; R-squared: 0.060982; p-value <0.516. (D) Rootstock effect, PERMANOVA F-value: 
0.77984; R-squared: 0.093062; p-value <0.6. Beta diversity analysis was performed using the 
phyloseq package of MicrobiomeAnalyst, a free available on-line software 
(https://www.microbiomeanalyst.ca). 
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For the rootstocks which occurred in both the paired conventional and organic 

vineyards (Table 5.1) there was no significant difference in the beta diversity between the 

rootstocks alone (Figure 5.11, A; p=0.825) or the interaction between the rootstock and 

management system (Figure 5.11, B; p=0.755). 

 
 

Figure 5.11 Principal Coordinates Analysis (PCoA). Comparison by PCoA of the ecological distance (with 
the BrayςCurtis distance-based method) of the different compartments. (A) Rootstock effect, 
PERMANOVA F-value: 0.48947; R-squared: 0.04983; p-value <0.825. (B) Interaction effect of 
management practice and rootstock, PERMANOVA F-value: 0.72311; R-squared: 0.17417; p-value 
<0.755. Beta diversity analysis was performed using the phyloseq package of MicrobiomeAnalyst, a 
free available on-line software (https://www.microbiomeanalyst.ca). 

The most abundant AMF genera in organic vineyards were Glomus (81%) followed by 

Claroideoglomus (9%), Diversispora (0.5%) and Funneliformis (0.05%). In conventional 

vineyards, the most abundant AMF genera were Glomus (71%) followed by Claroideoglomus 

(16%), Diversispora (1%) and Funneliformis (1%). The AMF genera Archaeospora (0.05%), 

Cetraspora (0.001%), Paraglomus (0.05%) and Rhizophagus (1%) were equally abundant in 

both management systems. There were also some unassigned, undetermined and unclassified 

genera in both management system that varied between 2 to 6% (Figure 5.12, A).   

Glomus was equally abundant in Sauvignon Blanc (77%) and Pinot Noir (76%). The 

other most abundant genera in Sauvignon Blanc were Claroideoglomus (11%) followed by 

Diversispora (1%) and Funneliformis (0.05%). For Pinot Noir, the other most abundant genera 

were Claroideoglomus (14%), followed by Funneliformis (1%) and Diversispora (0.5%). The 

AMF genera Archaeospora (0.01%), Cetraspora (0.05%) and Paraglomus (0.05%) and 

Rhizophagus (1%) were equally abundant in both varieties. There were also some unassigned, 

undetermined and unclassified genera in both Sauvignon Blanc (1%, 3% and 6%, respectively) and 

Pinot Noir (0.05%, 4% and 6%, respectively) (Figure 5.12, B). 
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In rootstock SO4, the dominant genera were Glomus (79%), followed by Claroideoglomus 

(11%), Rhizophagus (1%), Diversispora (1%), Paraglomus (0.2%), Funneliformis (0.09%) and 

Archaeospora (0.04%). In rootstock Schwarzmann the dominant genera were Glomus (91%), 

followed by Claroideoglomus (4%), Rhizophagus (1%), Diversispora (0.08%) and Cetraspora 

(0.03%). In rootstock Riparia Gloire the dominant genera were Glomus (60%), followed by 

Claroideoglomus (20%), Funneliformis (2%), Rhizophagus (1%), Diversispora (0.3%), Paraglomus 

(0.1%), Archaeospora (0.01%) and Cetraspora (0.003%). In rootstock 5C the dominant genera were 

Glomus (89%), followed by Claroideoglomus (5%), Rhizophagus (1%), Diversispora (0.4%) and 

Cetraspora (0.01%). In rootstock 3309C the dominant genera were Glomus (90%), followed by 

Claroideoglomus (3%), Rhizophagus (2%), Diversispora (0.1%), Funneliformis (0.02%), Paraglomus 

(0.02%) and Cetraspora (0.01%). In rootstock 101-14 the dominant genera were Glomus (73%), 

followed by Claroideoglomus (14%), Funneliformis (1%), Rhizophagus (1%), Diversispora (1%) and 

Paraglomus (0.2%). The relative abundance (%) results also showed that Archaeospora was absent 

in rootstocks 101-14, 3309C, 5C and Schwarzmann, Cetraspora was absent in rootstocks 101-14 

and SO4 and Funneliformis and Paraglomus were absent in rootstocks 5C and Schwarzmann 

(Figure 5.12, C). 

 

5. 1 Relative read abundance (%) of different genera between management systems (conventional vs 
organic), varieties (Sauvignon Blanc vs Pinot noir) and the rootstocks (SO4, Schwarzmann, Riparia 
Gloire, 5C, 3309C and 101-14).  
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 Discussion 

The research in this chapter aimed to address a knowledge gap regarding AMF 

community diversity and composition in conventionally and organically managed vineyards. It 

is the first study to identify the AMF communities associated with grapevines in New Zealand 

using high-throughput next generation sequencing platform. The study also investigated the 

differences in AMF community diversity between two grapevine varieties (Pinot Noir and 

Sauvignon Blanc), various commercial rootstocks and their interactions with the management 

systems. In this work, complementary techniques (root trap culture and Illumina Miseq) were 

used to characterise and identify the complete AMF communities colonising grapevines.   

The most abundant AMF species amplified from grapevine root samples were species 

within the Glomeraceae family. The dominance of this family has also been observed in other 

vineyard studies (Balestrini et al. 2010; Lumini et al. 2010; Holland et al. 2013; Trouvelot et al. 

2015; Massa et al. 2015) and other agricultural systems (Cesaro et al. 2008; Berruti et al. 2016). 

AMF communities were also dominated by Claroideoglomeraceae followed by less abundant 

AMF species belonging to Diversisporaceae, Paraglomeraceae, Archaeosporaceae and 

Gigasporaceae. Other studies have also detected species associated with these families in 

vineyards. Sequences of phylotypes assigned to Claroideoglomeraceae and Gigasporaceae 

were also observed in Oregon vineyards in the USA (Schreiner & Mihara 2009). Balestrini et 

al. (2010) reported that members of the Diversisporaceae family were mostly found in sandy 

vineyard soils but in this study, they were also found in vineyards with clay-loamy soil texture 

with sand composition varying from 16.00% to 45.89%. In the study of Schreiner and Mihara 

(2009) Paraglomeraceae and Archaeosporaceae were detected using the primer set 

ARCH131/ITS4 that specifically target these two families. However, in the present study, these 

two families were detected using the barcoded primer set NS31/AML2 which suggests that 

this primer set is efficient in detecting most AMF families previously reported in other studies. 

Other studies have highlighted the dominance of members of the Acaulosporaceae family in 

vine roots (Schubert & Cravero 1985; Oehl et al. 2004) while in other studies (Hempel et al. 

2007; Schreiner & Mihara 2009), Acaulosporacease was not found in grapevine suggesting 

that the presence of this AMF family is variable in vineyard or that the method used did not 

amplify fungi in the Acaulosporaceae from grapevine roots.  Schreiner and Mihara (2009) 

showed that species within genus Acaulospora were found as spores in soil but no 
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Acaulospora spp. were amplified from roots. This could indicate that species within this family 

are not frequent colonisers of grapevine roots in New Zealand vineyards. This was also seen 

in Chapter 2 where Acaulospora spp. were absent from the vineyards sampled, which were 

from different locations to the ones sampled in this chapter and using different primers for 

community diversity analysis. However, since only vineyards in the Marlborough (this chapter 

and Chapter 2) and North Canterbury (Chapter 2) wine regions were sampled in the current 

study further sampling of vineyards in other New Zealand regions would be required to 

confirm this result. 

Grapevine roots sampled both in the field and from the trap cultures were shown to 

be highly colonised by AMF, observed by the presence of hyphae, vesicles and arbuscules in 

the microscopic assessment of the root samples. Mycorrhizal colonisation of roots from the 

trap cultures showed that the colonisation of roots derived from the conventional vineyard 

trap cultures were 10% higher than the root derived from the organic vineyard trap cultures. 

Variation in the quantity of initial root inoculum in the pots could partly explain these results, 

as this varied between 0.1 g and 1 g between the different samples as seen in Chapter 2. 

Moreover, it was more difficult to collect roots in organic vineyards as they were not close to 

soil surface as in conventional. Also, trap cultures were grown for two seasons unlike in 

Chapter 2 which means that even if there was a lower initial inoculum over the 2 seasons, it is 

expected to have still resulted in similar final levels of colonisation. However, root mycorrhizal 

colonisation patterns including degree of colonisation and present of different structures is 

known to be AMF species/genus dependent, with some species/genera colonising the internal 

root more intensively than others (Johansen et al. 2016). The difference seen could therefore 

be related to the difference in the species/genera observed in the different vineyards across 

the two management practices. Studies have shown that the propagation of AMF in trap 

cultures may be difficult because exact natural conditions cannot be replicated which causes 

a bias towards encouraging the sporulation of species that are more tolerant to greenhouse 

conditions such as Glomus and Funneliformis species (Cuenca et al. 2003; Oliveira et al. 2010). 

Trejo-Aguilar et al. (2013) demonstrates that species belonging to Glomerales were the most 

persistent in trap cultures which was also seen in this study.  However, in this study it was 

shown that Glomus spp. were also dominant when sequencing was performed on the roots 

collected from these vineyards. This indicated that this is not necessarily due to these being 
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selected by the trap culture method but a true reflection of their dominance associated with 

grapevine roots in New Zealand vineyards. 

This work revealed that conventional vineyards had higher AMF alpha diversity 

richness compared to organic vineyards based on the Shannon index which takes into 

consideration both the number of species and their abundance, and depends more on highly 

ŀōǳƴŘŀƴǘ h¢¦Ωǎ as described by Chong et al. (2019). However, the Chao1 diversity index, 

which estimates richness by accounting the number of species in a community and depends 

ƻƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǊŀǊŜ h¢¦Ωǎ ό/ƘƻƴƎ Ŝǘ ŀƭΦ нлмфύΣ ǎƘƻǿŜŘ ǘƘŀǘ ƻǊƎŀƴƛŎ ǾƛƴŜȅŀǊŘǎ ƘŀǾŜ ƳƻǊŜ 

AMF diversity richness compared to conventional vineyards. This could indicate that in organic 

vineyards there is a population dominated by some AMF species but with a higher number of 

species at very low abundance.  

The abundance of species from the Glomeraceae family in both organic and 

conventional vineyards indicated that a diverse number of species in this family are present 

and easily colonise grapevine roots, as was also suggested by Johansen et al. (2016). Also, the 

dominance of AMF species belonging to this family seen in this study of a managed vineyard 

ecosystem could be explained by the relative high growth rate and the rapid recovery of 

hyphal networks of members of this AMF family following disturbance caused by agricultural 

practices (Berruti et al. 2016). This is also supported in this study by the higher abundance of 

Glomeraceae in organic vineyards than in conventional where mechanical weeding is a 

practice. 

The relative abundance results of this study showed that the abundance and the 

presence/absence of AMF species were not the same across the rootstocks in the studied 

vineyards. This links to the results of Chapter 2 where the rootstocks were shown to select 

specific AMF community (DGGE results) which were shown in Chapter 3 to be beneficial to 

vine growth and development. There was also a significant difference in AMF alpha diversity 

richness and evenness in the interaction between rootstocks and vineyard management 

systems. This was observed with the Shannon diversity of SO4 rootstock where there was a 

higher diversity index under organic compared with conventional suggesting it supports 

colonisation by a wider diversity of AMF than the other rootstocks assessed in this study. This 

could indicate that the management practices in a vineyard could influence plant-microbe 
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interaction leading to establishing colonisation. Schmidt et al. (2019) stated that microbial 

communities are shaped by interactions between agricultural management and host selection 

processes. This was seen in this study where rootstocks appear to play an important role in 

the selection of AMF communities in a particular management system. This is demonstrated 

by some rootstocks with higher diversity of AMF in conventional systems, whereas, other 

rootstocks had higher AMF diversity in organic systems. This suggests that the maximum 

impact from AMF in any vineyard management system may depend to some degree on the 

rootstock that was planted. However, for some of the rootstock comparisons, the comparison 

analysis was within scion (Riparia Gloire, 5C ς 3309C only one vineyard) but for 101-14 and 

SO4 the comparison was on both Pinot Noir and Sauvignon Blanc which could indicate that 

the scion might also have an impact on the rootstock/AMF interaction. A study suggested that 

Citrus scion genotype had a greater influence on the AMF community structure than that of 

the rootstock where the physical root-AMF association occurs (Song et al. 2015). This was also 

seen in Chapter 2 where Pinot Noir scion had an effect on the interaction of the rootstock with 

AMF. 

The interaction of rootstock with management practices affected the alpha diversity, 

however, when looking between populations (beta diversity), no difference in AMF 

community composition was observed between management systems, varieties, rootstocks 

and their interactions. This indicated that the AMF communities associated with grapevines 

in the Marlborough vineyard region are not affected by these factors which means that all 

AMF species were present in all the rootstocks and it is therefore the relative composition in 

each rootstock that is different. This was not congruent with chapter 2 where the rootstock 

was the main factor affecting the AMF community diversity. The results in this study were 

similar to the study of Turrini et al. (2017) where the AMF communities in olive trees were not 

different according to the orchard management system or presence of a vegetative cover. 

However, it is in contrast to that observed by Montes-Borrego et al. (2014), where the AMF 

community composition of apple trees were affected by the agricultural management (organic 

vs. integrated). However, when looking at the PCoA figures in the present study, the AMF 

community in organic vineyards were more tightly clustered than samples from the 

conventional vineyards. Furthermore, the rootstocks planted in the studied vineyards are 
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sourced from nurseries which could have potentially influenced what is seen in this study for 

the varieties and the rootstocks. 

The AMF species recovered from the trap cultures belonged to Glomus, Funneliformis, 

Claroideoglomus and Ambispora genera. The taxa identified by sequencing of the different 

AMF spore morphotypes corresponded to those determined from the field root samples using 

Miseq. However, species that belong to Rhizophagus, Gigaspora, Paraglomus, Diversispora 

and Cetraspora genera were only detected by sequencing the field root samples and were not 

recovered in the trap cultures. The absence of these genera in the trap cultures could indicate 

that the conditions in the trap cultures were not favourable for spore formation by these 

genera, as previously observed and discussed in Chapter 2. The trap culture results also 

showed that Claroideoglomus spp. were not detected in organic vineyards but are present in 

conventional vineyards. This corresponded with the MiSeq results where Claroideoglomus 

spp. were more abundant in conventional vineyards than in organic vineyards. This highlights 

that the use of multiple techniques (trap cultures and MiSeq), rather than one, is required to 

gather a full picture of AMF diversity. This was also seen in Chapter 2 where complementary 

techniques (DGGE and trap culture) provided more complete information on AMF community 

structure and the dominant genera associated with grapevines. 

Studies have shown that soil properties have an effect on alpha and beta diversity. 

Wang et al. (2015) showed that pH was the dominant driver for structuring altitudinal alpha 

diversity pattern but not beta diversity pattern or community abundance of soil fungi in a 

Tibetan forest ecosystem. The soil analysis results of this study showed no significant 

difference between soil properties across the studied vineyards. This indicated that the 

differences in AMF communities observed are not attributable to any differences in edaphic 

factors. The only significant effect was observed with soil moisture content which varied 

between the vineyards from 6.5% to 18.76%. This variation in soil moisture could be related 

to the vines being irrigated or not prior to sampling the vineyards. Recent studies have shown 

that soil moisture is an important predictor of bacterial alpha diversity while spatial distances 

among samples were a better predictor of fungal beta diversity than soil properties (Li et al. 

2020). This could link to this study where soil moisture may have had an influence on alpha 

diversity and that the absence of differences in beta diversity could be because all the 
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vineyards are in the same spatial region. However, a more detailed analysis on the effects of 

soil properties on alpha and beta diversity is further needed.  

The use of high-throughput next generation sequencing approach enabled the 

identification of AMF taxa to genus level and in some cases to species level. Studies 

demonstrated that MiSeq-Illumina sequencing is robust technique that also allows the study 

of AMF communities in terms of relative abundances (Egan et al. 2018; Panneerselvam et al. 

2020). This taxonomic resolution is likely due to the gene region used which was a 550 bp 

fragment of the SSU rDNA of the 18S region. Other studies have shown similar results whereby 

a 500 bp fragment of the SSU rDNA amplified did not provide species level identification for 

many AMF (Stockinger et al. 2010). The use of only the forward sequencing for the analysis of 

this study is justified by the fact that sequenced amplicons were too long to allow for overlap 

with the Illumina MiSeq version 2, 2 × 250 bp sequencing technology. Therefore, only the 250 

bp forward read were used as also suggested by Davison et al. (2012). Similar results were also 

found in another study where the forward read gave better results (Pers. Comm. John 

Ramana). This problem is very common with Illumina Miseq and is seen in many studies 

studying AMF communities (Morgan & Egerton-Warburton 2017). This suggests that the 

choice of DNA region is important when characterising AMF sequences to species level. 

Studies showed the potential for species identification from field samples with primers for the 

LSU-D2 rDNA region (Krüger et al. 2009; Stockinger et al. 2010) using pyrosequencing. 

Recently, these primers were tested by sequencing a 450 bp region of the large subunit (LSU) 

ribosomal rRNA gene with Illumina MiSeq using a new sequencing strategy combined with 

taxonomic affiliations implemented with an evolutionary placement algorithm (EPA) (Senés-

Guerrero et al. 2020). The method enabled the detection of 20 AMF species belonging to 13 

genera and was suitable to investigate host-AMF preferences in roots of Pequin pepper, 

soybean and orange in Mexico (Senés-Guerrero et al. 2020). However, a study in New Zealand, 

showed that the SSU region enabled the identification of AMF in more samples and from more 

Glomeromycota lineages than ITS or LSU regions in native and invasive dune grass roots 

(Johansen et al. 2016).  

Although the Illumina MiSequencing platform allows the characterisation of large 

numbers of field samples at great depth (Zeng et al. 2019), as also observed in this study, it 
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does not often identify AMF to species level, which is a contrast to pyrosequencing. 

Pyrosequencing largely revolutionized the characterization of AMF diversity, phylogeny, and 

biogeography (Öpik et al. 2009; Schüßler & Walker 2010) providing information about the high 

levels of species diversity and complex relationships between AMF and their host plants, 

which is more limited with Miseq. This is because the amplicon size for MiSeq is smaller 

limiting the capacity of Miseq to identify most AMF to species level. Pyrosequencing has led 

to the identification of more than 350 well-characterized molecular AMF taxa that were not 

known prior to the use of this technology (Öpik et al. 2013). The outcome of this study could 

have been different with pyrosequencing as it would have been possible to get a better 

resolution to species/family and to resolve more AMF taxa (Padamsee et al. 2016), providing 

more information about key species that are affected by management practices. The study on 

Agathis australis in New Zealand using the same primer set NS31/AML2 (Padamsee et al. 

2016), showed that pyrosequencing allowed the detection of AMF families such as 

Pacisporaceae and Acaulosporaceae which were not detected with MiSeq in the current study. 

Regardless of how efficient this method has been in the molecular identification of AMF 

species from environmental samples, the facilities offering pyrosequencing have ceased since 

2015, meaning this technique is no longer available hence the use of MiSeq in this study. 

However, despite the MiSeq not being as effective at resolving the AMF to species level, this 

method was shown to provide a comprehensive analysis of the effects of management 

practices, scion and rootstocks on AMF communities associated with grapevines in the 

Marlborough vineyard region.  

The use of the primer set NS31/AML2 targeting the 18S region as used in this study 

produced good results with Illumina Miseq when using version 2, 2 × 250-bp paired-end 

chemistry and is the same method used in recent studies (Morgan & Egerton-Warburton 

2017; Suzuki et al. 2020). In this study, the majority of the OTUs (9155 of 9656 OTUs; 95%) 

were assigned to AMF, with the remainder classified as bacteria, plant and other fungal 

groups.  This demonstrated that the use of barcoded NS31/AML2 primers provided a high level 

of specificity for AMF in root samples. This was also seen in the study of Morgan and Egerton-

Warburton (2017) where the same primer set targeted AMF even in complex environmental 

samples such as soil and root samples. This primer set amplified a wide diversity of AMF 

genera and did not exclude taxa that have been previously been omitted due to primer bias 
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(Morgan and Egerton-Warburton 2017). The presence of AMF OTUs identified as 

Archaeosporaceae and Paraglomeraceae in this study were not recorded in other studies (Lee 

et al. 2008) where they used the same primer set. This study also showed that a large number 

of AMF taxa were present in extremely low abundance which indicated that the method used 

is able to capture rare taxa and this was supported by the results of Morgan and Egerton-

Warburton (2017).  

A number of sequences in this study were not assigned to any species-level accession 

even when the results were compiled from the two databases (NCBI and MaarjAM). This 

indicated that they could be novel AMF species that are present in New Zealand. This was also 

seen in another study, where some AMF species within the samples from Agathis australis in 

New Zealand were not similar to previously obtained sequences of Glomeromycota or even 

when compared to sequences from described species of Glomeromycota suggesting that 

these AMF species are unique to Agathis australis (Padamsee et al. 2016). In another study by 

Morgan and Egerton-Warburton (2017), it was found that a large number of OTUs could not 

be assigned to any species-level accession in the MaarjAM database suggesting that novel 

AMF species might occur in the Yucatan Peninsula in Mexico. This result could also be due to 

the lack of a comprehensive reference database of AMF sequences from named AMF species 

which limit the capacity to identify AMF to species level as suggested by House et al. (2016). 

In this study, it could also reflect the poor characterisation of AMF diversity in New Zealand 

which was also seen by Russell et al. (2002) and analysed in Dickie & Holdaway (2010). 

In conclusion, this study is the first comprehensive analysis of the community 

composition and structure of AMF associated with grapevine roots in New Zealand using high-

throughput next generation sequencing (Illumina Miseq). Not only were the major AMF 

communities identified but the results revealed a difference in AMF community diversity and 

composition between organic and conventional vineyards as well as in the interaction effect 

between the rootstock and the management practices. This means that some rootstocks 

might be more suited to organic systems due to the AMF communities they support under 

this management practice. This could provide an increased benefit under organic systems 

supporting higher biodiversity. Also, further work on productivity of additional AMF benefits 

such as abiotic/biotic stress tolerance is needed. 
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Chapter 6 

Concluding discussion  

The AMF symbiosis is the most widespread beneficial interaction between plants and 

microorganisms and it has been shown that AMF colonise grapevine roots (review by 

Trouvelot et al. 2015). Interest in characterizing AMF communities and investigating the 

ecosystem services they provide is crucial as it contribute to the sustainability of the vineyard 

ecosystem as well as the economy of the viticulture industry being the second largest export 

commodity in New Zealand. This study represents the first comprehensive study of AMF and 

their association with grapevines in New Zealand. Because of their role in sustainability and 

soil health, the overall aim of this thesis was to identify the community structure and 

composition of arbuscular mycorrhizal fungi (AMF) associated with grapevines in New 

Zealand. This work also investigated the effect of abiotic (soil properties) and biotic 

(rootstocks) factors, and management practices (conventional & organic) on shaping AMF 

community diversity. Finally, the study determined the beneficial functions that these 

communities provide for grapevine health and growth. 

The composition of the AMF community colonising grapevine roots was investigated 

in Chapter 2, using complementary techniques (trap culture and DGGE). This is the first New 

Zealand study to define the structure and diversity of AMF associated with different 

commercial grapevine rootstocks. The findings of both techniques revealed that the 

rootstocks showed preference in selecting the AMF community colonising the roots, where 

the rootstocks from the same site harboured different AMF communities. In Chapter 2, 

rootstock was a major biotic factor affecting the composition and diversity of the AMF 

community as shown by the DGGE analysis which contribute to the growing body of 

knowledge on the selectivity of AMF by host plants. Using combined methods (DGGE and trap 

culture) enabled more complete identification of AMF and showed that the rootstocks in 

vineyards from the Waipara and Blenheim regions were colonised by AMF communities 

belonging to Ambispora, Claroideoglomus, Funneliformis, Glomus and Rhizophagus genera. 

The AMF genera identified in this study differ to the genera identified to be associated with 

grapevines in other studies in the USA and Europe (Schubert and Cravero 1985; Oehl et al. 



 
 
 
 
 

165 

2005; Schreiner & Mihara 2009; Balestrini et al. 2010). Although an older technique, DGGE 

allowed a large number of samples to be processed which aided to assess the effect of wide 

range of factors on the AMF communities associated with these rootstocks in a cost-effective 

manner. This technique proved to be useful here in providing a robust and rapid analysis of 

the compositional differences in AMF communities between the rootstocks. The 

disadvantages of using DGGE is that it could be biased as the majority of the identified AMF 

genera, such as Glomus, Claroideoglomus (previously identified as Glomus), Funneliformis and 

Rhizophagus, belong to Glomeraceae family. This was partially supported in Wicaksono et al. 

(2017) where most DGGE sequences where from Glomeraceae, however, AMF species of 

Acaulosporaceae family were also identified using the same method suggesting that member 

of this family may not be prevalent in vineyards. The other AMF families were not detected 

using DGGE and the size of the amplicon limited the identification of AMF to species level. 

Future work could investigate whether similar AMF communities would be identified using 

different primers that target different gene regions (ITS, LSU and SSU). Since DGGE is not the 

contemporary method, the use of NGS would have been a better option for this work, given 

unlimited funds. For a better identification of the full AMF diversity, it would be beneficial for 

to investigate the seasonal variation in AMF community in different regions with a wider range 

of soils as these factors seem to affect the AMF community (review by Trouvelot et al. 2015; 

Xu et al. 2017; Melo et al. 2019). A greater study microbiome analysis would have also offered 

insights in terms of the interaction of AMF with other microbes.  

Based on the soil analysis in Chapter 2, specific soil physico-chemical properties 

(abiotic factor) such as moisture content and pH had an effect on the AMF communities 

colonising grapevines across the three studied vineyards in Waipara and Blenheim. However, 

other soil properties such as cation exchange capacity, soil organic matter, carbon and 

nitrogen also seemed to influence AMF community colonisation only in vineyards where Pinot 

noir scion was grafted onto these rootstocks. Scion genotype was shown in previous studies 

to have an influence on the biological activity and the soil/root environment (Schreiner 2003, 

Song et al. 2015; Berdeni et al. 2018). Thus, further studies using different scion genotypes 

may also provide information on the contribution of the scion in shaping the AMF 

communities colonising different rootstocks planted in soils with different physico-chemical 

soil properties as most vineyards in New Zealand are planted with grapevine scion grafted 
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onto commercial rootstocks such as 101-14, Schwarzmann, Riparia Gloire and 3309C which 

were also used in this study.  

The research in Chapter 3 focussed on the gap in knowledge of how different AMF 

ŎƻƳƳǳƴƛǘƛŜǎ όΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩύ ŀŦŦŜŎǘ ǘƘŜ ƎǊƻǿǘƘ ǇŀǊŀƳŜǘŜǊǎ ŀƴŘ ƴǳǘǊƛŜƴǘ ǳǇǘŀƪŜ ƻŦ 

different grapevine rootstocks. This differs from reductionist studies where the beneficial 

effects of only one or two AMF species (Ridgway et al. 2006; Schreiner & Mihara 2009; Lumini 

et al. 2010; Ozdemir et al. 2010; Cangahuala-Inocente et al. 2011; Holland et al. 2013; 

Trouvelot et al. 2015; Nogales et al. 2019) are investigated, and instead treats the AMF 

community as a functional unit. The positive effect of mycorrhizal fungi on plant growth 

parameters is dependent on the inoculum diversity and composition, and studies have shown 

that a mixture of AMF species is more effective than a monospecific inoculum as AMF 

functions are inter-related (Jansa et al. 2008; Sharma et al. 2009; Gogoi & Singh 2011). 

Therefore, by using the whole AMF communities identified for each rootstock in the previous 

chapter it was likely that the data would be more relevant to what is happening in the 

vineyards. In general, the sǘǳŘȅ ŜƳǇƘŀǎƛȊŜŘ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ΨƘƻƳŜΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ 

ǊƻƻǘǎǘƻŎƪ ƎǊƻǿǘƘ ŎƻƳǇŀǊŜŘ ǘƻ ΨŀǿŀȅΩ ŎƻƳƳǳƴƛǘƛŜǎ in Muddy Water vineyard and that is 

rootstock specific. This related to Chapter 2 where the rootstocks selected specific AMF 

communities potentially since these provide an additional benefit to their growth and 

development. It also indicated that due to the presence of different species in the different 

communities, some AMF species may have beneficial effect on above or below ground 

biomass while others increase nutrient uptake which indirectly affect the chlorophyll content 

in plants. Further studies should look at the effect of AMF on the production of metabolites 

such as phenolics compounds (Santos et al. 2017) which could affect berry composition and 

ultimately wine quality (Sun et al. 2017). 

!ŦǘŜǊ ƭƻƻƪƛƴƎ ŀǘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ΨƘƻƳŜΩ ŀƴŘ Ψŀǿŀȅ !aC ŎƻƳƳǳƴƛǘƛŜǎ ƻƴ Ǉƭŀƴǘ ƎǊƻǿǘƘ ŀƴŘ 

nutrient uptake, an additional important biotic factor was added to this complex system in a 

separate experiment in Chapter 4 which looked at the effects of these communities on black 

foot disease. Black foot disease is one of the main grapevine root diseases observed 

worldwide (Halleen et al. 2006; Alaniz et al. 2009; Russi et al. 2010) and especially in New 

Zealand (Pathrose et al. 2014) it is known to affect young vines during establishment in the 

field by infecting the roots. AMF have been shown also to reduce infection and mitigate the 
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effect of black foot disease on grapevine rootstocks (Petit & Gubler 2006; review by Trouvelot 

et al. 2015). While most studies only focussed on the effect of one, two or a combination of 

AMF species (Azcon-Aguilar et al. 1996; Petit & Gubler 2006; Bleach et al. 2008; Nogales et al. 

2009; Holland et al. 2019), the work in chapter 4 extended previous these studies by 

investigating the community response and used the same AMF communities which were 

identified in Chapter 2 and which showed beneficial effect on grapevine growth in the 

previous chapter. Chapter 4 provided an understanding on how young grapevine rootstocks 

ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜƛǊ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ !aC ŎƻƳƳǳƴƛǘƛŜǎ ǿƻǳƭŘ ǊŜǎǇƻƴŘ ǘƻ ŎƘŀƭƭŜƴƎŜ ǿƛǘƘ 

black foot species mixture. There was little evidence that the pre-inoculation with AMF prior 

to pathogen inoculation helped lowering disease incidence in rootstocks compared with other 

studies where AMF increased tolerance and induced resistance in plants (Petit & Gubler 2006; 

Bleach et al. 2008; Nogales et al. 2009). The reason for that was caused by the presence of 

high level of disease in the rootstocks which could have limited the beneficial effect of AMF.   

Since the AMF communities used in this study were not sampled from vineyard sites with 

black foot disease problems it could be hypothesised that the AMF communities associated 

with these rootstocks may not have been selected by the rootstocks for their protective 

effects against disease challenge. This hypothesis could be tested in a new greenhouse 

experiment where the AMF communities used as inoculum are sampled from a site with 

known black foot infection. Since the inoculum levels used in the current study was high, to 

better reflect the typical inoculum levels of these pathogens seen in vineyard soils, a lower 

pathogen inoculum concentration should also be used. However, it must also be 

acknowledged that the current study only used young rooted rootstock vines that do not 

undergo fruit production and as such are not fully representative of the vines that were 

sampled from. Further, as earlier discussed pot cultures have been reported to favour 

Funneliformis and Glomus species which may not be the taxon that are specialised in reducing 

pathogen infections. Therefore, a field experiment using specialised AMF communities should 

also be set up to enable longer term effects of AMF inoculation on vine growth and health 

under normal vineyard conditions to be investigated.   

!ǎ ǎŜŜƴ ƛƴ /ƘŀǇǘŜǊ пΣ ǘƘŜ ΨƘƻƳŜΩ ŀƴŘ ΨŀǿŀȅΩ ŎƻƳƳǳƴƛǘƛŜǎ ŘƛŘ ƴƻǘ ƘŀǾŜ ŀƴ ƛƳǇŀŎǘ ƻƴ 

reducing the black foot disease incidence or severity. This has previously been observed in 

other studies where biological control inoculations were only efficient in reducing disease at 
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disease pressures below certain thresholds (Elad et al. 1998; Singh et al. 2004; Mmbaga et al. 

2008; Kumari & Prabina 2019). Therefore, a future study is suggested to investigate the 

potential synergetic effect of AMF with other available commercial biological control agents 

such as Trichoderma to increase disease control. This has been reported as a strategy whereby 

the two biological agents work synergistically to reduce pathogen infection in plants without 

ƛƴǘŜǊŦŜǊƛƴƎ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΩǎ ǎǇŜŎƛŦƛŎ ŦǳƴŎǘƛƻƴ όtƻǾŜŘŀ Ŝǘ ŀƭΦ нлмфύΦ IƻǿŜǾŜǊΣ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ 

this chapter did show that even in the presence of high disease incidence and severity AMF 

inoculation still resulted in an increase in the growth of the vines compared to the vines 

inoculated with the pathogen alone. The mechanism(s) responsible for this is not known, but 

could be due to the AMF being able compensate for the reduced ability of the plant, due to 

black foot infection, to uptake essential nutrients to support growth. Therefore, further 

research is required to understand how AMF colonisation could also increase grapevine 

growth parameters under high black foot disease pressure. 

To address the final goal of this project to identify AMF community diversity 

differences in conventional and organic vineyards, Chapter 5 was the first study to carry out a 

comprehensive analysis of the community composition and structure of AMF associated with 

grapevine roots in New Zealand using high-throughput next generation sequencing (Illumina 

Miseq). A clear difference in AMF diversity and composition between organic and 

conventional vineyards was revealed as well as a strong impact of the rootstock/management 

practice interaction effect on the AMF alpha diversity, however, no difference in each factor 

was observed for beta diversity. The use of the barcoded primers (NS31/AML2) resulted in 

amplification of a large diversity of AMF species/genera taking into advantage the deep 

sequencing capacity of Illumina MiSeq. This was also demonstrated in another study using the 

same method (Morgan & Egerton-Warburton 2017). AMF families such as Archaeosporaceae, 

Paraglomeraceae and Diversisporaceae that were not previously identified in Chapter 2 were 

detected with Illumina Miseq. As expected, the metabarcoding with Illumina MiSeq provided 

greater depth and allowed detection of some AMF species with good taxonomic resolution 

which were not possible with DGGE due to the short amplicon size. However, there are some 

limitations to using MiSeq version 2 × 250 bp with barcoded samples as it does not allow the 

assembly of forward and reverse reads resulting in the use of one direction reads which 

restricted the identification of taxa to species level. Additionally, some sequences were not 
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assigned to species level which could indicate possible novel AMF species or it could be due 

to the poor availability of AMF sequences in the databases. In general, the use of DGGE and 

more specifically Illumina Miseq are good approaches that are broadly applicable to most 

ecosystems and have been shown to provide valuable information to increase our 

understanding of the AMF community composition and diversity and their functional role in 

plants. These congruent patterns between DGGE and metabarcoding with Illumina MiSeq has 

been reported from previous studies (Qin et al. 2016; Wicaksono thesis 2016). However, AMF 

studies are still under-represented with these molecular techniques and the lack of a well-

established next generation sequencing system for AMF is a major issue in studying AMF 

communities. Pyrosequencing was an effective and reliable technique for identification of 

fungi in particular AMF as it allowed a species level identification with great resolution (Öpik 

et al. 2009; Schüßler & Walker 2010; Padamsee et al. 2016). However, the pyrosequencing 

platform is obsolete. Therefore, future studies should focus on the improvement of Illumina 

Miseq technique or other emerging sequencing platforms to allow longer sequences to be 

assembled which will not only improve the ability to identify AMF to species level but also 

allow the study of sequence variations within a species as has been suggested in other studies 

(Padamsee et al. 2016; House et al. 2016; Morgan & Egerton-Warburton 2017). 

AMF communities proved to provide beneficial effects to grapevine in terms of plant 

growth, nutrient uptake with some evidence of protection against pathogen challenge in 

terms of growth. This research showed that management practices and their interaction with 

the rootstock cultivar are the main driver of the AMF community colonising the roots, 

indicating that a rootstock will select a particular AMF community to colonise with from the 

diverse community present in a site. However, since most AMF inocula that are commercially 

available to wine growers and nurseries tend to consist of one or relatively few AMF species, 

they may be of limited value for grapevine inoculation. Therefore, it is important to ensure 

that the vineyard/nursery sites have a diverse community of AMF that the rootstock can select 

from to provide the most benefit. This could be done by minimising agricultural practices that 

negatively affect these communities such as weeding, fertilization, tillage (review by Trouvelot 

et al. 2015) and adopting practices that could influence the formation and the diversity of AMF 

in the vineyards such cover cropping system (Radic et al. 2012)   
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In summary, this work has contributed to the knowledge on the AMF community 

diversity and composition associated with grapevines in New Zealand. The abiotic and biotic 

factors affecting these key fungal mutualists and the beneficial services they provide were 

examined and shown to improve grapevine health and growth with the rootstock cultivar 

being the main driver of the AMF community colonising the roots. The AMF symbiosis can be 

considered as secure and ecological management practice that contribute to the economy 

and the sustainability of the grapevine which is the biggest driver for the wine growers and 

the viticulture industry.  
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Presentations and publications from this thesis 

Journal publication 

Moukarzel, R., Ridgway, H. J., Guerin-Laguette, A., & Jones, E. E. (2020). An improved clearing 
and staining protocol for evaluation of arbuscular mycorrhizal colonisation in darkly-
pigmented woody roots. New Zealand Plant Protection Society, 73, 33-39. 

 

Conference presentation and workshop 

Moukarzel, R., Ridgway, H. J., Guerin-Laguette, A., Mundy, D. C. & Jones, E. E. (2020). 
Arbuscular Mycorrhizal Fungal (AMF) diversity reveals preference in the mycorrhizal 
colonisation with different grapevine rootstocks. Webinar presentation at the inaugural New 
Zealand branch of APPS. 

Moukarzel, R., Ridgway, H. J., Waller, L., Cripps-Guazzone, N., Guerin-Laguette, A., & Jones, E. 
E. (2020). Effects of arbuscular mycorrhizal fungi on grapevine growth parameters and 
nutrient uptake. New Zealand Microbial Ecological Consortium (NZMEC6.0), Auckland, New 
Zealand. 

Moukarzel, R., Ridgway, H. J., Guerin-Laguette, A., Mundy, D. C. & Jones, E. E. (2019). 
Arbuscular Mycorrhizal Fungal (AMF) diversity reveals preference in the mycorrhizal 
colonisation with different grapevine rootstocks. Microbe-Assisted Crop Production- 
Opportunities Challenges and Needs (miCROPe) conference in Vienna, Austria.  
 
Participated in the workshop on multivariate analysis in ecology using PRIMER version 7, 
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A.1  Spore count/abundance in 20 g of medium culture  

                             
Number of Spores/20 g 

XXXX High  >40 

XXX Moderately High 30-40 

XX Low 20-30 

X Very Low 10 to 20 

 
Brancott Vineyard (Blenheim) 
 
Rootstocks 

 
Morphotype 1 Morphotype 2 Morphotype 3 Morphotype 4 Morphotype 5 

101-14 IR XXXX XXX X 
 

XX  
ITR XXXX XXX X 

 
XX  

IR XXX XXXX XX 
 

X  
ITR XXXX XXX XX 

 
XX 

Schwarzmann IR XXX XXXX 
  

XX  
ITR XXX XXXX 

  
XX  

IR XXX XXXX X 
 

XX  
ITR XXX XXXX X 

 
XX 

SO4 IR XXXX XX 
 

XXX X  
ITR XXXX XX 

 
XXX X  

IR XXXX XX 
 

XXX X  
ITR XXXX XX 

 
XXX X 

5C IR XXXX XX 
 

XXX X  
ITR XXXX XX 

 
XXX X  

IR XXXX X 
 

XXX XX  
ITR XXXX X 

 
XXX XX 

IR = Inter row and ITR = Intra row 
 
Camshorn Vineyard (Waipara) 
 

Rootstocks  Morphotype 1 Morphotype 3 Morphotype 5 

Riparia Gloire (A) IR  X XX 

 ITR  XX X 

 IR XX  XXX 

 ITR X  XX 

101-14 (A) IR  X XX 

 ITR  XX X 

 IR   XX 

 ITR  XX X 
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Rootstocks  Morphotype 1 Morphotype 3 Morphotype 5 

Riparia Gloire (B) IR   X 

 ITR  XX  

 IR XX X XXX 

 ITR X X XX 

101-14 (B) IR XX  XXX 

 ITR XX  XXX 

 IR X  XX 

 ITR X  XX 

Schwarzmann (B) IR X XXX XX 

 ITR X XXX XX 

 IR XXX X XX 

 ITR XXX XX X 

101-14 (C) IR XXX  XX 

 ITR XX   

 IR XXX  XX 

 ITR XX   
Schwarzmann (C) IR X XXX XX 

 ITR X XX XX 

 IR XXX X XX 

 ITR XXX X X 

3309 (C) IR XXX  XX 

 ITR XX   

 IR XXX  XX 

 ITR XX  X 

(A), (B), (C) represents soil types: Glasnevin gravels, Salix clays and Glenmark gravel respectively.  

 

Muddy Water (Waipara) 
 

Rootstocks  Morphotype 1 Morphotype 2 Morphotype 3 Morphotype 5 Morphotype 6 

Schwarzmann IR X  XXX XXXX XX 

 ITR XXXX XXX XX X X 

 IR XXXX XXX XX X X 

 ITR XXXX XXX XX X X 

Riparia Gloire IR XXXX XXX XX XX X 

 ITR XXX XXXX XX  X 

 IR XXXX XXX XX XX X 

 ITR XXX XXXX X XX X 

101-14 IR XXXX X XX  XXX 

 ITR XXXX XXX XX  X 

 IR XXXX XXX XX  X 

 ITR XXXX XXX X  XX 

5C IR XXX XXXX XX  X 

 ITR XXX XXXX XX  XX 

 IR XXX XXXX XX  X 

 ITR XXX XXXX XX  X 
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Table continues 

Rootstocks  Morphotype 1 Morphotype 2 Morphotype 3 Morphotype 5 Morphotype 6 

3309C IR XXXX XXX XX  X 

 ITR XXXX XXX XX  X 

 IR XXXX XXX XX  X 

 ITR XXXX XXX XX  X 

420A IR XXXX XXX  X XX 

 ITR XXXX  XXX  X 

 IR XXXX XXX  X XX 

 ITR XXXX XXX XX  X 

Fercal IR XXX  X  X 

 ITR XXX  X  XX 

 IR XXX  XX  X 

 ITR XXX  X  XX 

99R IR XXXX XXX XX  X 

 ITR XXXX XXX XX  X 

 IR XXXX XXX XX  X 

 ITR XXXX XXX X  XX 

 

A.2 PCR amplification of AMF spore morphotypes using different Primer 
sets 

ü Nested PCR with NS1/NS4 and AML1/AML2 

Six spore morphotypes were amplified (5 replicates/morphotype) using nested PCR with primers: 

NS1/NS4 and AML1/AML2 (Figure A2.1 & A2.2). These primer sets were the only primers that resulted 

in successful amplification of AMF spores. In case of multiple bands, the bands were cut, purified and 

sent for sequencing. The sequencing results showed single signal and provided an identification of AMF 

spores to genus level.  

 

 Figure A2.6.1. AMF spore morphotype (M2-M6) amplification using primer set AML1/AML2. 
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Figure A2.6.2. AMF spore morphotype (M4 & M6) amplification using primer set AML1/AML2.    

ü PCR using NS31/AML2 

The gel in Figure A2.3 represents the only three spore morphotypes (M1, M2 and M5) that have 

amplified using PCR primers: NS31/AML2 after PCR condition optimisation. The bands were cut from 

the gel, purified using a PCR purification kit and sent for sequencing. The sequencing of these bands 

resulted in multiple sequence signal (MSS).  

 

Figure A2.6.3. AMF spore morphotype (M1-M6) amplification using primer set NS31/AML2. 

 

ü PCR using ITS1F/ITS4 

The six spore morphotypes (4 replications/morphotype) were amplified using PCR primers: ITS1F/ITS4 

targeting the ITS region (Figure A2.4). The PCR product of the amplified spore morphotypes (M3, M4, 

M5 and M6) were sent for sequencing. The sequences were single signal but when blasted in NCBI all 

the sequences were ascomycetes. 

 

Figure A2.6.4. AMF spore morphotype (M1-M6) amplification using primer set ITS1F/ITS4. 
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A.3 DGGE bands PCR amplification and Sequencing 

Figures A3.1 & 3.2 below represent the PCR amplification of single DGGE bands (B1 to B80) that were 

cut and reamplified using primer set NS31-GC/Glo1. 

 
Figure A3.6.5 DGGE band amplification (B1-B40) using primer set NS31-GC/Glo1. 

 
 

 

Figure A3.6.6. DGGE band amplification (B1-B40) using primer set NS31-GC/Glo1. 
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A.4 Soil physical and chemical analysis 

Soil 

Physicochemical 

properties  

  

Brancott Vineyard Marlborough Camshorn Vineyard Waipara Muddy Water Vineyard Waipara 

5C 101-14 Sch SO4 

Soil Type A Soil Type B 
 

Soil Type C 
 

3309C RG 420A 5C 101-14 Sch Fercal 99R R G 101-14 Sch RG 101-14 101-14 Sch 3309C 

Soil Texture Silty Silty Silty Silty Loam 

Clay-

Loam 

Clay-

Loam Loam Loam Loam Loam Loam 

Sandy-

clay-

loam 

Sandy-

Clay-

Loam 

Loam Sandy-

Clay-

Loam 

Loam Sandy-

clay-

Loam 

Loam Loam 

% Clay 17.52 15.36 13.76 16.08 24.72 29.2 24.88 24 18.4 24.8 22.48 22.08 25.04 20.4 21.92 29.84 18.48 29.92 19.12 20.72 

% Sand 29.105 26.065 32.425 29.005 42.945 39.52 48.865 43.9 44.38 37.495 35.22 37.605 49.825 52.19 47.295 46.595 49.8 47.235 47.81 46.095 

% Silt 53.375 58.575 53.815 54.915 32.335 31.28 26.255 32.1 37.22 37.705 42.3 40.315 25.135 27.41 30.785 23.565 31.72 22.845 33.07 33.185 

Moisture 

content (%) 
24.07 25.94 22.25 21.65 9.41 9.89 12.23 6.16 16.69 12.36 8.46 10.74 7.07 5.71 5.71 6.16 5.49 5.26 6.72 7.76 

Soil Dry Matter 

(%) 
75.93 74.06 77.75 78.35 90.59 90.11 87.77 93.84 83.31 87.64 91.54 89.26 92.93 94.29 94.29 93.84 94.51 94.74 93.28 92.24 

pH 6.4 6.34 6.22 6.24 6.28 6.6 6.41 5.56 6.81 6.65 6.27 6.67 6.71 6.83 7.05 6.85 6.79 6.79 6.72 7.08 

CEC  5.295 5.575 5.635 2.954 4.242 6.87 6.754 7.728 12.123 5.796 4.957 6.228 7.358 -0.254 4.633 5.649 5.158 5.657 4.174 9.884 

Soil Organic 

Matter (SOM) 
3.94 3.85 4.47 3.54 3.06 2.98 4.16 3.23 3.01 3.13 3.15 3.35 4.68 3.68 3.63 3.78 3.47 3.49 3.3 4.13 

Organic Carbon 

(%) 
2.29 2.24 2.6 2.06 1.78 1.73 2.42 1.88 1.75 1.82 1.83 1.95 2.72 2.14 2.11 2.2 2.02 2.03 1.92 2.4 

Nitrogen (%) 0.19 0.19 0.21 0.19 0.15 0.15 0.2 0.18 0.15 0.17 0.16 0.18 0.27 0.17 0.19 0.2 0.18 0.2 0.17 0.19 

C/N ratio 11.93 11.95 12.27 10.78 11.5 11.53 12.13 10.17 11.34 10.95 11.14 11.14 10.25 12.35 11.1 10.5 11.13 10.01 11.45 12.37 

NH4-N 0.26 0.15 0.32 0.17 0 0.12 0.2 0.13 0 0 0.21 0.14 0.24 0.17 0.25 0.16 0.2 0.11 0.74 0 

NO3-N 0.88 0.62 0.84 0.64 1.67 0.3 0.47 2.33 0.25 0.46 0.34 0.28 0.34 0.59 0.28 0.46 0.59 0.74 0.48 0.41 
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A.5 Soil nutrient analysis 

Macro & Micro- 
Nutrients Al As B Ca Cd Cr Cu Fe K Mg Mn Na Ni P Pb S Zn 

 mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Brancott Vineyard Marlborough 

SO4 24921.62 2.890 4.575 6054.58 0.470 14.578 10.041 19486.43 2400.22 3790.02 553.62 277.73 8.485 923.53 7.244 240.89 85.65 

5C 26537.08 2.504 4.369 6301.26 0.460 14.910 12.878 20629.02 2479.44 3970.45 591.36 294.21 9.415 970.30 7.730 263.69 104.46 

Schwarzman 21126.35 2.414 2.925 6328.50 0.425 14.012 14.910 20263.50 1928.61 3932.05 628.41 269.00 8.283 914.93 7.935 245.22 98.69 

101-14 23484.93 2.504 4.145 6252.98 0.421 13.718 11.250 18145.66 2229.96 3498.78 494.64 307.10 7.668 864.19 6.714 243.62 89.25 

125AA 29541.83 3.311 6.323 6478.46 0.542 17.201 10.890 21432.43 3089.22 4271.60 532.49 303.87 9.032 998.66 8.420 259.64 101.02 

Camshorn Vineyard Waipara 

101-14 (1)  21425.03 1.99 10.76 4185.88 0.16 16.19 5.33 12074.22 3586.31 1951.28 430.32 249.58 5.98 560.09 6.60 283.81 55.34 

Riparia Gloire (1)  20347.78 1.76 11.38 4052.75 0.15 15.80 5.27 11236.39 3346.80 2035.23 374.84 254.24 7.23 536.90 6.29 291.53 60.98 

Schwarzman (1) 17976.92 2.21 11.60 4567.40 0.07 14.73 6.52 10615.41 3582.34 1930.85 318.98 216.41 5.84 851.88 6.54 318.94 65.89 

Riparia Gloire (2) 20403.39 3.18 7.57 2965.52 0.18 15.05 7.00 14266.30 3409.88 2043.78 923.35 208.93 9.30 576.74 9.26 294.83 55.45 

101-14 (2) 18428.76 3.99 5.59 4157.79 0.36 13.17 7.18 13899.71 2618.59 1846.37 2330.15 221.63 12.52 578.15 10.56 275.08 78.66 

101-14 (3) 17079.81 1.71 8.52 3895.99 0.07 13.52 4.90 12859.95 2664.67 2040.71 514.16 178.14 5.48 570.27 7.63 236.09 67.30 

Schwarzman (3) 22449.75 2.53 11.12 3630.16 0.14 16.66 4.95 15391.79 3347.03 2517.25 1279.07 197.46 6.71 655.39 8.73 280.22 70.26 

3309C (3) 19535.80 2.83 10.29 4282.61 0.12 16.48 4.72 13714.05 3060.33 2260.90 536.16 209.30 5.61 526.96 7.81 260.46 63.20 

Muddy Water Vineyard Waipara 

3309C 14806.91 1.93 14.74 5045.55 0.10 18.52 13.82 10763.55 3330.89 1636.24 407.53 192.79 3.82 688.81 8.16 332.53 52.04 

99R 12982.00 1.96 12.73 5029.05 0.12 16.78 13.17 10105.10 2799.73 1461.51 440.29 171.44 3.46 558.11 6.15 303.52 47.82 

Schwarzman 12132.59 1.72 10.83 5887.83 0.11 15.37 12.08 9879.24 2495.13 1350.42 424.62 149.14 3.58 545.01 6.30 290.13 47.15 

5C 13602.64 1.86 12.93 4798.89 0.10 16.94 13.65 10335.21 2948.26 1491.07 444.07 179.83 3.60 647.40 6.83 368.39 50.65 

101-14 12989.86 1.56 12.50 4628.22 0.11 16.02 11.78 9697.37 2836.26 1400.69 333.39 162.58 3.26 529.68 4.83 288.65 42.51 

420 A 13904.89 1.49 13.46 6447.12 0.13 16.97 12.78 10081.45 2982.75 1485.19 390.75 181.32 3.55 559.84 5.64 285.65 45.58 

Riparia Gloire 13492.15 1.62 12.84 4524.40 0.15 16.31 12.38 9782.92 2879.48 1426.40 360.48 187.21 3.19 578.28 4.87 332.70 43.70 

Fercal 13683.53 1.32 13.96 5041.04 0.18 17.34 11.74 10667.11 2946.31 1484.12 438.21 198.58 3.37 558.81 6.07 280.65 43.59 
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A.6 Statistics for Pairwise comparisons   

Brancott Vineyard 
AMF Community and rootstocks influence  
PERMANOVA table of results  
                                     Unique 
Source df         SS   MS Pseudo-F P(perm)  perms 
Rootstocks  3      26022 8674   2.5527   0.001    998 
Res 36 1.2233E+05 3398                         
Total 39 1.4835E+05   
 

Pairwise Tests 
Global Test 
Sample statistic (R): 0.292 
Significance level of sample statistic: 0.01% 
Number of permutations: 9999 (Random sample from a large number) 
Number of permuted statistics greater than or equal to R: 0 
 
Pairwise Tests 
         R Significance     Possible       Actual Number >= 
Groups Statistic      Level % Permutations Permutations  Observed 
Sch, 5C      0.37         0.05        92378         9999         4 
Sch, 101-14     0.557         0.01        92378         9999         0 
Sch, SO4     0.498         0.02        92378         9999         1 
5C, 101-14     0.162          2.9        92378         9999       290 
5C, SO4     0.021         34.6        92378         9999      3457 
101-14, SO4     0.103          5.6        92378         9999       561 
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Camshorn Vineyard 
AMF Community and rootstocks influence  
PERMANOVA table of results 
                                       Unique 
Source df         SS     MS Pseudo-F P(perm)  perms 
Ro  7      75986  10855   3.9413   0.001    994 
Res 72  1.983E+05 2754.2                         
Total 79 2.7429E+05  
 

Pairwise Tests 
Global Test 
Sample statistic (R): 0.526 
Significance level of sample statistic: 0.01% 
Number of permutations: 9999 (Random sample from a large number) 
Number of permuted statistics greater than or equal to R: 0 
 
Pairwise Tests 
                       R Significance     Possible       Actual Number >= 
Groups                Statistic      Level % Permutations Permutations  Observed 
RGA, SchA                  0.175          2.8        92378         9999       275               
RGA, 101-14A         0.173          2.8        92378         9999       274               
RGA, 101-14B         0.592         0.02        92378         9999         1                 
RGA, RGB                 0.786         0.01        92378         9999         0                 
RGA, SchC                 0.858         0.01        92378         9999         0                 
RGA, 101-14C        0.851         0.01        92378         9999         0                 
RGA, 3309cC        0.033         28.5        92378         9999      2849             
SchA, 101-14A        0.219          1.2        92378         9999       115            
SchA, 101-14B     0.532         0.01        92378         9999         0                
SchA, RGB              0.781         0.01        92378         9999         0                
SchA, SchC              0.718         0.01        92378         9999         0                
SchA, 101-14C      0.67         0.02        92378         9999         1                
SchA, 3309cC      0.188          1.8        92378         9999       176              
101-14A, 101-14B 0.481         0.02        92378         9999         0                                                                                                  
101-14A, RGB     0.694         0.01        92378         9999         0                
101-14A, SchC     0.728         0.01        92378         9999         0                
101-14A, 101-14C 0.735         0.01        92378         9999         0 
101-14A, 3309cC   0.095         11.1        92378         9999      1106 
101-14B, RGB     0.273          0.1        92378         9999        10               
101-14B, SchC     0.458         0.01        92378         9999         0                
101-14B, 101-14C 0.262          0.2        92378         9999        23 
101-14B, 3309cC0.605         0.01        92378         9999         0 
RGB, SchC              0.595         0.02        92378         9999         1                
RGB, 101-14C     0.226            1        92378         9999       100              
RGB, 3309cC     0.892         0.01        92378         9999         0                
SchC, 101-14C     0.377         0.02        92378         9999         1                
SchC, 3309cC     0.888         0.01        92378         9999         0                
101-14C, 3309cC  0.875         0.01        92378         9999         0 
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Muddy water Vineyard 
AMF Community and rootstocks influence  
 
PERMANOVA table of results 
                                       Unique 
Source df         SS     MS Pseudo-F P(perm)  perms 
Rootstocks  7      61730 8818.5   2.8109   0.001    997 
Res 72 2.2588E+05 3137.2                         
Total 79 2.8761E+05                                
  

Pairwise Tests 
Global Test 
Sample statistic (R): 0.413 
Significance level of sample statistic: 0.1% 
Number of permutations: 999 (Random sample from a large number) 
Number of permuted statistics greater than or equal to R: 0 
 
Pairwise Tests 
                      R    Significance    Possible       Actual Number >= 
                      Groups Statistic                         Level % Permutations Permutations  
Observed 
5C, 420A                                   0.261          0.3        92378          999         2 
5C, Schwarzmann     0.322          0.1        92378          999         0 
5C, 101-14      0.27          0.3        92378          999         2 
5C, 99R                                    0.582          0.1        92378          999         0 
5C, Fercal     0.673          0.1        92378          999         0 
5C, Riparia Gloire     0.518          0.1        92378          999         0 
5C, 3309C     0.612          0.1        92378          999         0 
420A, Schwarzmann     0.075         15.5        92378          999       154 
420A, 101-14     0.205          1.2        92378          999        11 
420A, 99R     0.521          0.1        92378          999         0 
420A, Fercal     0.552          0.1        92378          999         0 
420A, Riparia Gloire     0.458          0.1        92378          999         0 
420A, 3309C     0.623          0.1        92378          999         0 
Schwarzmann, 101-14     0.253          0.4        92378          999         3 
Schwarzmann, 99R     0.698          0.1        92378          999         0 
Schwarzmann, Fercal     0.625          0.1        92378          999         0 
Schwarzmann, RG                  0.615          0.1        92378          999         0 
Schwarzmann, 3309C     0.739          0.1        92378          999         0 
101-14, 99R     0.399          0.1        92378          999         0 
101-14, Fercal     0.432          0.2        92378          999         1 
101-14, Riparia Gloire     0.317          0.3        92378          999         2 
101-14, 3309C      0.55          0.1        92378          999         0 
99R, Fercal     0.201          1.1        92378          999        10 
99R, Riparia Gloire     0.085         10.2        92378          999       101 
99R, 3309C     0.491          0.1        92378          999         0 
Fercal, Riparia Gloire     0.068           16        92378          999       159 
Fercal, 3309C     0.497          0.1        92378          999         0 
Riparia Gloire, 3309C     0.302          0.1        92378          999         0 
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B.1 Chlorphyll calibration curves for total chlorophyll measurements 

For each rootstock a calibration curve was produced using the SPAD measurements and the 
corresponding chlorophyll concentrations. An R-squared value and line of best fit equation 
were generated. 

 

 

 
Figure A3.1. Calibration curve for SPAD measurements and the corresponding chlorophyll concentrations 
in leaves of the three grapevine rootstocks.  
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B.2 Statistical significance of the fixed effects for the shoot length analysis for the early (two 
weeks) and later (10 weeks) establishment assessments for the three experiments (Exp. 1a, 1b 
& 1c, Exp. 2 and Exp. 3). Df- degrees of freedom. 

Experiment Time Fixed effects Sum of 
squares 

Df Mean Square F Sig. 

Exp. 1 a Early establishment Rootstock 152.867 2 76.433 0.667 0.516 
 Later establishment Rootstock 60.556 2 30.278 0.743 0.479 
 Early establishment AMF community 8.267 2 4.133 0.036 0.965 
 Later establishment AMF community 64.622 2 32.311 0.794 0.455 
Exp. 1b Early establishment Rootstock 117.612 1 117.612 1.712 0.195 
 Later establishment Rootstock 0.612 1 0.612 0.047 0.829 
 Early establishment AMF community 3.612 1 3.612 0.051 0.821 
 Later establishment AMF community 7.813 1 7.813 0.605 0.439 
Exp. 1c Early establishment Rootstock 845.756 2 422.878 9.472 <0.001*** 
 Later establishment Rootstock 1081.689 2 540.844 13.213 <0.001*** 
 Early establishment AMF community 84.356 2 42.178 0.790 0.457 
 Later establishment AMF community 147.622 2 73.811 1.429 0.245 
Exp. 2 Early establishment Rootstock 52.900 1 52.900 9.385 0.004** 
 Later establishment Rootstock 30.625 1 30.625 4.242 0.046* 
 Early establishment AMF community 0.400 1 0.400 0.057 0.813 
 Later establishment AMF community 1.225 1 1.225 1.153 0.698 
Exp. 3 Early establishment Rootstock 555.025 1 555.025 11.531 0.001***  
 Later establishment Rootstock 294.306 1 294.306 9.370 0.003** 
 Early establishment AMF community 269.800 7 38.543 0.742 0.636 
 Later establishment AMF community 305.844 7 43.692 1.341 0.235 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

B.3 Statistical significance of the fixed effects for the total chlorophyll content for the three 
experiments (Exp. 1a, 1b & 1c, Exp. 2 and Exp. 3). Df- degrees of freedom. 

Experiment Response Fixed effects Chi squares Df p values 

Experiment 1a Chlorophyll content 

Treatment 1.7733 1 0.183 
AMF communities 1.2621 2 0.5320 
Rootstock 38.4143 2 <0.001*** 
AMF × Rootstocks 3.8741 4 0.4233 

Experiment 1b Chlorophyll content 

Treatment 0.324 1 0.5692 
AMF communities 13.7240 1 <0.001*** 
Rootstock 48.1067 1 <0.001*** 
AMF × Rootstocks 0.5298 1 0.466 

Experiment 1c Chlorophyll content 

Treatment 0.2013 1 0.6536 
AMF communities 0.5628 2 0.9049 
Rootstock 196.0858 2 <0.001*** 
AMF × Rootstocks 1.5634 4 0.4576 

Experiment 2 Chlorophyll content 

Treatment 0.0151 1 0.9023 
AMF communities 1.0606 1 0.3031 
Rootstock 290.7657 1 <0.001*** 
AMF × Rootstocks 0.1416 1 0.7067 

Experiment 3 Chlorophyll content 

Treatment 0.1167 1 0.7327 

AMF communities 21.8361 7 0.0027*** 

Rootstock 201.3884 1 <0.001*** 

AMF × Rootstocks 3.7785 6 0.706627 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 
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B.4 Statistical significance of the fixed effects for the shoot dry weight, total biomass and 
root: shoot ratio analysis for the three experiments (Exp. 1a, 1b & 1c, Exp. 2 and Exp. 3). Df- 
degrees of freedom. 

Experiment Fixed effects Chi squared Df P value 

Shoot dry weight 
Exp. 1a Treatment 0.1417 1 0.7066 

 AMF communities 1.3879 2 0.49961 

 Rootstock 6.3313 2 0.04219* 

 AMF x Rootstocks 0.2732 4 0.99148 
Exp. 1b Treatment 0.5273 1 0.4677 

 AMF communities 4.7499 1 0.0293* 

 Rootstock 1.2920 1 0.2557 

 AMF x Rootstocks 0.7764 1 0.3783 
Exp. 1c Treatment 8.4203 1 0.003711** 

 AMF communities 12.1235 2 0.00233** 

 Rootstock 6.1606 2 0.04595* 

 AMF x Rootstocks 11.9908 4 0.01742* 
Exp. 2 Treatment 0.2635 1 0.6078 
 AMF communities 0.0017 1 0.9667 
 Rootstock 20.1390 1 <0.001*** 
 AMF x Rootstocks 0.1766 1 0.6743 
Exp. 3 Treatment 5.8538 1 0.01554* 

 AMF communities 7.9936 7 0.33315 

 Rootstock 7.2576 1 0.00706** 

 AMF x Rootstocks 25.6415 7 0.00058*** 
Root dry weight 

Exp. 1a Treatment 0.8418 2 0.6565 
 AMF communities 1.3771 2 0.7109 
 Rootstock 3.5657 2 0.1682 
 AMF x Rootstocks 0.9455 4 0.9179 
Exp. 1b Treatment 1.2051 1 0.2723 
 AMF communities 1.5862 1 0.20788 
 Rootstock 2.7286 1 0.09856 
 AMF x Rootstocks 1.6868 1 0.19403 
Exp. 1c Treatment 4.4732 1 0.03443* 
 AMF communities 12.1235 2 0.00233** 
 Rootstock 6.1606 2 0.05595 
 AMF x Rootstocks 11.9908 4 0.01742* 
Exp. 2 Treatment 0.1271 1 0.7215 
 AMF communities 0.0207 1 0.8854838 
 Rootstock 14.4280 1 0.0001456*** 
 AMF x Rootstocks 0.1267 1 0.7218437 
Exp. 3 Treatment 11.679 1 0.0006321*** 
 AMF communities 37.7145 7 <0.001*** 
 Rootstock 4.1688 1 0.0511761 
 AMF x Rootstocks 24.7076 7 0.0008549*** 

Total biomass 
Exp. 1a Treatment 0.396 1 0.5292 

 AMF communities 0.8434 2 0.6559 

 Rootstock 4.1046 2 0.1284 

 AMF x Rootstocks 0.5545 4 0.9680 
Exp. 1b Treatment 0.9506 1 0.3296 

 AMF communities 3.0676 1 0.07987 

 Rootstock 2.1820 1 0.13963 

 AMF x Rootstocks 1.4170 1 0.23390 
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Table B4 continued 
Experiment Fixed effects Chi squared Df P value 

Exp. 1c Treatment 6.2368 1 0.01251* 

 AMF communities 9.6228 2 0.008136** 

 Rootstock 16.2859 2 0.002908** 

 AMF x Rootstocks 12.0743 4 0.016807* 
Exp. 2 Treatment 0.1876 1 0.6649 
 AMF communities 0.4750 1 0.4907064 
 Rootstock 10.9817 1 0.0009202*** 
 AMF x Rootstocks 0.0135 1 0.9073692 
Exp. 3 Treatment 8.7751 1 0.003054** 

 AMF communities 19.0498 7 0.008032** 

 Rootstock 0.0081 1 0.924254 

 AMF x Rootstocks 27.6599 7 0.000253*** 
Root:Shoot 

Exp. 1a Treatment 0.0093 1 0.9231 

 AMF communities 0.1431 2 0.9309 

 Rootstock 13.2902 2 0.0013** 

 AMF x Rootstocks 0.6889 4 0.9527 
Exp. 1b Treatment 0.0642 1 0.8 

 AMF communities 1.9661 1 0.1609 

 Rootstock 0.0627 1 0.8023 

 AMF x Rootstocks 0.0842 1 0.7716 
Exp. 1c Treatment 2.8692 1 0.09029 

 AMF communities 2.7590 2 0.2517 

 Rootstock 30.4745 2 <0.0001*** 

 AMF x Rootstocks 3.3889 4 0.4950 
Exp. 2 Treatment 6.6789 1 0.009756** 
 AMF communities 1.5259 1 0.216727 
 Rootstock 2.6777 1 0.101766 
 AMF x Rootstocks 7.0653 1 0.007859** 
Exp. 3 Treatment 5.8538 1 0.01554 

 AMF communities 10.7607 7 0.1494 

 Rootstock 34.7702 1 <0.0001*** 

 AMF x Rootstocks 8.7115 7 0.2740 

*= significant at p=0.01, ** = significant at p=0.001, *** = = significant at p=0.0001. 
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B.5 Statistical significance of the fixed effects on the macro- and micro-nutrients for the 
three experiments (Exp. 1a, 1b & 1c, Exp. 2 and Exp. 3). Df- degrees of freedom. 

Experiment Response Fixed effects Chi squares Df p values 

Experiment 1a B Treatment 0.318 1 0.5728 
  AMF communities 7.5999 2 0.02237* 
  Rootstock 0.7866 3 0.852668 
  AMF x Rootstocks 0.9053 4 0.92379 
 Ca Treatment 0.7459 1 0.3878 
  AMF communities 2.1554 2 0.3404 
  Rootstock 1.9222 3 0.5887 
  AMF x Rootstocks 1.1676 4 0.8834 
 Cu Treatment 5e-04 1 0.9828 
  AMF communities 0.4700 2 0.7906 
  Rootstock 0.5938 3 0.8978 
  AMF x Rootstocks 0.5689 4 0.9665 
 Fe Treatment 0.1091 1 0.7412 
  AMF communities 5.0852 2 0.07866 
  Rootstock 1.3016 3 0.72876 
  AMF x Rootstocks 1.7436 4 0.78278 
 K Treatment 0.0269 1 0.8697 
  AMF communities 7.6804 2 0.02149* 
  Rootstock 1.5970 3 0.66006 
  AMF x Rootstocks 1.5643 4 0.81520 
 Mg Treatment 0.3027 1 0.5822 
  AMF communities 3.6018 2 0.1651 
  Rootstock 0.9909 3 0.8034 
  AMF x Rootstocks 1.8976 4 0.746 
 Mn Treatment 2.1431 1 0.1432 
  AMF communities 1.4713 2 0.4792 
  Rootstock 0.4976 3 0.9194 
  AMF x Rootstocks 2.1474 4 0.7087 
 P Treatment 0 1 0.9973 
  AMF communities 0.1413 2 0.9318 
  Rootstock 1.4061 3 0.7041 
  AMF x Rootstocks 4.5235 4 0.3398 
 S Treatment 0.5848 1 0.444 
  AMF communities 4.2180 2 0.1214 
  Rootstock 2.6711 3 0.4452 
  AMF x Rootstocks 3.6827 4 0.4507 
 Zn Treatment 1.0824 1 0.2982 
  AMF communities 2.5484 2 0.2797 
  Rootstock 1.3752 3 0.7114 
  AMF x Rootstocks 1.9941 4 0.7368 

Experiment 1b B Treatment 0.337 1 0.5616 
  AMF communities 20.6691 1 <0.001*** 
  Rootstock 1.8107 2 0.4044 
  AMF x Rootstocks 1.0807 2 0.5825 
 Ca Treatment 0.8938 1 0.3444 
  AMF communities 3.1077 1 0.07792 
  Rootstock 1.3644 2 0.50550 
  AMF x Rootstocks 1.3952 2 0.49779 
 Cu Treatment 3.1698 1 0.07501 
  AMF communities 15.0899 1 <0.001*** 
  Rootstock 2.1327 2 0.34425 
  AMF x Rootstocks 5.7749 2 0.055718 
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Table B.5 continued 
Experiment Response Fixed effects Chi squares Df p values 

 Fe Treatment 3e-04 1 0.9859 
  AMF communities 7.0456 2 0.00794** 
  Rootstock 4.0901 2 0.129373 
  AMF x Rootstocks 0.4633 2 0.793239 
 K Treatment 0.408 1 0.523 
  AMF communities 1.4453 1 0.22928 
  Rootstock 10.5222 2 0.00519** 
  AMF x Rootstocks 1.9385 2 0.37936 
 Mg Treatment 0.9928 1 0.3191 
  AMF communities 4.2492 1 0.039727* 
  Rootstock 28.0705 2 <0.001*** 
  AMF x Rootstocks 3.7828 2 0.15086 
 Mn Treatment 0.2237 1 0.6363 
  AMF communities 2.9794 1 0.084333 
  Rootstock 12.0167 2 0.002458** 
  AMF x Rootstocks 0.1853 2 0.911523 
 P Treatment 5.3218 1 0.02106* 
  AMF communities 2.4422 1 0.11811 
  Treatment 0.3816 2 0.82628 
  AMF x Rootstocks 7.6106 2 0.0225* 
 S Treatment 0.072 1 0.7885 
  AMF communities 7.3957 1 0.006538** 
  Rootstock 33.9092 2 <0.001*** 
  AMF x Rootstocks 1.1696 2 0.557211 
 Zn Treatment 0.3435 1 0.5578 
  AMF communities 4.6040 1 0.0319* 
  Rootstock 0.6369 2 0.7273 
  AMF x Rootstocks 0.3740 2 0.8295 

Experiment 1c B Treatment 0.5031 1 0.4781 
  AMF communities 0.0306 2 0.9848 
  Rootstock 1.5478 4 0.8181 
  AMF x Rootstocks 5.5885 3 0.1334 
 Ca Treatment 0.1055 1 0.7453 
  AMF communities 1.2198 2 0.5434 
  Rootstock 2.5795 4 0.6305 
  AMF x Rootstocks 2.7077 3 0.4389 
 Cu Treatment 0.1878 1 0.6647 
  AMF communities 4.2192 2 0.12129 
  Rootstock 3.7793 4 0.43670 
  AMF x Rootstocks 7.4434 3 0.0593 
 Fe Treatment 1.2107 1 0.2712 
  AMF communities 0.6624 2 0.7181 
  Rootstock 0.2403 4 0.9933 
  AMF x Rootstocks 1.0192 3 0.7966 
 K Treatment 3.0829 1 0.07912 
  AMF communities 1.7655 2 0.41365 
  Rootstock 2.7010 4 0.60904 
  AMF x Rootstocks 11.0107 3 0.01167* 
 Mg Treatment 0.0658 1 0.7976 
  AMF communities 3.1883 2 0.20308 
  Rootstock 3.7508 4 0.44077 
  AMF x Rootstocks 6.6351 3 0.08448 
 P Treatment 1.3692 1 0.242 
  AMF communities 0.7645 2 0.6823 
  Rootstock 2.3790 4 0.6664 
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Table B.5 continued 
Experiment Response Fixed effects Chi squares Df p values 

  AMF x Rootstocks 1.1050 3 0.7759 
 Zn Treatment 0.4461 1 0.5042 
  AMF communities 3.3696 2 0.1859 
  Rootstock 4.2390 4 0.37462 
  AMF x Rootstocks 8.9531 3 0.02992* 

Experiment 2 B Treatment 2.9198 1 0.0875 
  AMF communities 5.3871 1 0.02029* 
  Rootstock 5.9061 2 0.05218 
  AMF x Rootstocks 5.3801 1 0.02037* 
 Ca Treatment 0.1079 1 0.7425 
  AMF communities 2.9003 1 0.08856 
  Rootstock 1.3128 2 0.51871 
  AMF x Rootstocks 0.1092 1 0.74108 
 Cu Treatment 17.587 1 <0.001*** 
  AMF communities 3.1020 1 0.07819 
  Rootstock 5.1426 2 0.07644 
  AMF x Rootstocks 26.0669 1 <0.001*** 
 Fe Treatment 0.1085 1 0.7419 
  AMF communities 4.2963 1 0.03819* 
  Rootstock 0.7124 2 0.70035 
  AMF x Rootstocks 0.4268 1 0.51254 
 K Treatment 0.281 1 0.596 
  AMF communities 0.0161 1 0.8991 
  Rootstock 2.9855 2 0.2248 
  AMF x Rootstocks 0.1147 1 0.7349 
 Mg Treatment 0.1178 1 0.7314 
  AMF communities 5.8337 1 0.015722* 
  Rootstock 12.4382 2 0.001991** 
  AMF x Rootstocks 0.2244 1 0.635691 
 P Treatment 2.677 1 0.1018 
  AMF communities 4.7135 1 0.02993* 
  Rootstock 20.8093 2 <0.001*** 
  AMF x Rootstocks 4.4619 1 0.03466* 
 Zn Treatment 3.1999 1 0.07364 
  AMF communities 1.2380 1 0.2658 
  Rootstock 1.2537 2 0.5343 
  AMF x Rootstocks 2.2334 1 0.1351 

Experiment 3 B Treatment 0.1329 1 0.7155 
  Rootstock 9.0594 2 0.01078* 
  AMF communities 9.7461 7 0.20342 
  AMF x Rootstocks 14.6022 9 0.10246 
 Ca Treatment 0.5164 1 0.4724 
  AMF communities 7.0239 7 0.4264 
  Rootstock 2.2104 2 0.3311 
  AMF x Rootstocks 8.3962 9 0.4948 
 Cu Treatment 1.288 1 0.2564 
  AMF communities 3.3109 7 0.85483 
  Rootstock 0.1539 2 0.92593 
  AMF x Rootstocks 20.8831 9 0.01318* 
 Fe Treatment 0.0997 1 0.7522 
  AMF communities 11.9913 7 0.1008 
  Rootstock 1.4702 2 0.4795 
  AMF x Rootstocks 5.3180 9 0.8058 
 K Treatment 0.3368 1 0.5617 
  AMF communities 9.0004 7 0.2526 
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Experiment Response Fixed effects Chi squares Df p values 
  Rootstock 1.8116 2 0.4042 
  AMF x Rootstocks 11.4621 9 0.2454 
 Mg Treatment 0.2545 1 0.6139 
  AMF communities 5.8371 7 0.5589 
  Rootstock 1.7357 2 0.4198 
  AMF x Rootstocks 10.6238 9 0.3024 
 P Treatment 0.0241 1 0.8765 
  AMF communities 7.5411 7 0.3748 
  Rootstock 0.0843 2 0.9587 
  AMF x Rootstocks 3.2793 9 0.9522 
 Zn Treatment 0.3164 1 0.5738 
  AMF communities 4.6221 7 0.70597 
  Rootstock 0.8431 2 0.65604 
  AMF x Rootstocks 15.3145 9 0.08265 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

B.6 Nutrient Analysis  

B.6.1 The mean concentration (ppm) of different nutrients in the leaves of rootstocks grown 

in different AMF communities in Experiment 1a. Statistical significance of the AMF community 
effect for the nutrient analysis. Different letters mean they are significantly differŜƴǘ όǇ Җ лΦлрύΦ 
Mean ±1SE. 

 Nutrient concentration (ppm) in rootstock leaves   

Nutrients 101-14 AMF 5C AMF Schwarzmann AMF p value 

B 16.328 ± 0.7541 b 19.911 ± 1.063 ab 21.646 ± 1.907 a 0.02237* 
Cu 3.620 ± 0.331 a 3.988 ± 0.313 a 3.690 ± 0.577 a 0.7906 
Fe 65.496 ± 3.720 a 68.157 ± 3.991 a 76.661 ± 2.622 a 0.07866 
K 12135.98 ± 1195.802 b 13543.95 ± 1209.816 ab 16977.37 ± 1205.430 a 0.02149* 
Mg 4195.908 ± 226.758 a 4254.959 ± 187.289 a 4967.431 ± 403.630 a 0.1651 
Mn 170.560 ± 11.999 a 175.350 ± 5.427 a 193.491 ± 17.970 a 0.4792 
P 1190.511 ± 71.169 a 1234.591 ± 104.725 a 1252.919 ± 176.276 a 0.9318 
S 1726.160 ± 59.711 a 1746.027 ± 100.079 a 1988.744 ± 166.926 a 0.1214 
Zn 20.361 ± 1.084 a 23.110 ± 1.171 a 23.892 ± 2.137 a 0.2797 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

B.6.2 The mean concentration (ppm) of different nutrients in the leaves of rootstocks grown 

in different AMF communities in Experiment 1b. Statistical significance of the AMF community 
effŜŎǘ ŦƻǊ ǘƘŜ ƴǳǘǊƛŜƴǘ ŀƴŀƭȅǎƛǎΦ 5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ 
Mean ±1SE. 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 101-14 AMF Schwarzmann AMF p value 

B 15.86 ± 0.51 b 19.39 ± 0.58 a <0.001*** 
Cu 2.58 ± 0.17 b 3.47 ± 0.32 a <0.001*** 
Fe 59.88 ± 2.52 b 69 ± 1.85 a 0.00794** 
K 14592.54 ± 1104.623 a 16083.08 ± 1194.45 a 0.22928 
Mg 4015.665 ± 159.08 b 4299.979 ± 116.90 a 0.039727* 
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Table B.6.2 continued 
Mn 165.43 ± 7.23 a 188.96 ± 12.17 a 0.084333 
P 949.33 ± 33.99 a 1020.44 ± 33.32 a 0.11811 
S 1950.45 ± 57.20 b 2135.60 ± 71.18 a 0.006538** 
Zn 18.59 ± 1.07 b 28.00 ± 3.89 a 0.0319 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

B.6.3 The mean concentration (ppm) of different nutrients in the leaves of rootstocks grown in 
different AMF communities in Experiment 1c. Statistical significance of the AMF community 
ŜŦŦŜŎǘ ŦƻǊ ǘƘŜ ƴǳǘǊƛŜƴǘ ŀƴŀƭȅǎƛǎΦ 5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύ. 
Mean ±1SE. 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 101-14 AMF 5C AMF Schwarzmann AMF p value 

B 20.69 ± 0.89 a 22.002 ± 1.207 a 21.232 ± 2.146 a 0.9848 
Cu 4.763 ± 1.132 a 3.30 ± 0.26 a 3.62 ± 0.54 a 0.12129 
Fe 77.98 ± 5.08 a 70.62 ± 3.50 a 73.30 ± 5.07 a 0.7181 
K 11507.45 ± 1716.339 a 14842.29 ± 2883.575 a 14482.90 ± 1087.729 a 0.41365 
Mg 4798.483 ± 355.98 a 5480.817 ± 303.47 a 4845.217 ± 378.446 a 0.20308 
Mn 187.7422 ± 14.89 a 179.61 ± 21.52 a 186.49 ± 17.407 a 0.3481 
P 1138.77 ± 61.13 a 995.49 ± 34.37 a 1033.10 ± 60.01 a 0.6823 
S 1690.44 ± 73.57 a 1792.81 ± 76.49 a 1869.85 ± 102.14 a 0.2167 
Zn 28.69 ± 3.855 a 24.32 ± 2.32 a 26.31 ± 3.18 a 0.1859 

B.6.4 The mean concentration (ppm) of different nutrients in the leaves of rootstocks grown in 
different AMF communities in Experiment 2. Statistical significance of the AMF community 
ŜŦŦŜŎǘ ŦƻǊ ǘƘŜ ƴǳǘǊƛŜƴǘ ŀƴŀƭȅǎƛǎΦ 5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ 
Mean ±1SE. 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 5C AMF Schwarzmann AMF p value 

B 13.65 ± 1.202 b 18.19 ± 2.79 a 0.02029* 
Cu 2.47 ± 0.21 a 3 ± 0.44 a 0.07819 
Fe 66.23 ± 2.27 b 71.65 ± 3.58 a 0.03819* 
K 11761.74 ± 880.22 a 12762.41 ± 1013.38 a 0.8991 
Mg 5848.817 ± 272.94 b 6597.39 ± 306.16 a 0.015722* 
Mn 198.46 ± 11.69 a 256.98 ± 14.94 a 0.1492 
P 968.16 ± 69.35 b 2032.05 ± 606.34 a 0.02993* 
S 1651.69 ± 67.62 a 1981.94 ± 87.48 a 0.3587 
Zn 19.88 ± 1.196 a 22.22 ± 0.99 a 0.2658 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 
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B.6.5 The mean concentration (ppm) of different nutrients in the leaves of different rootstocks 
grown in Experiment 1a. Statistical significance of the rootstock effect for the nutrient analysis. 
5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 
 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 101-14 5C Schwarzmann p value 

B 19.485 ± 1.118 a 21.133 ± 2.012 a 17.097 ± 1.039 a 0.852668 
Cu 3.507 ± 0.431 a 3.906 ± 0.288 a 3.936 ± 0.550 a 0.8978 
Fe 66.657 ± 2.284 a 73.421 ± 4.064 a 69.482 ± 4.656 a 0.72876 
K 14672.93 ± 1810.349 a 13757.13 ± 1393.437 a 13840.31 ± 1060.031 a 0.66006 
Mg 4333.51 ± 517.650 a 4780.121 ± 120.070 a 4359.410 ± 227.079 a 0.8034 
Mn 190.495 ± 11.428 a 166.692 ± 15.135 a 183.541 ± 12.897 a 0.9194 
P 1218.381 ± 92.008 a 1389.853 ± 159.385 a 1073.268 ± 95.266 a 0.7041 
S 2111.785 ± 161.555 a 1753.550 ± 75.548 a 1607.969 ± 68.545 a 0.4452 
Zn 24.015 ± 1.818 a 20.503 ± 1.448 a 22.664 ± 1553 a 0.7114 

B.6.6 The mean concentration (ppm) of different nutrients in the leaves of different rootstocks 
grown in Experiment 1b. Statistical significance of the rootstock effect for the nutrient analysis. 
DiŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

 
 
 
 
 

 

 

 

 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

B.6.7 The mean concentration (ppm) of different nutrients in the leaves of different rootstocks 
grown in Experiment 1c. Statistical significance of the rootstock effect for the nutrient analysis. 
5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 101-14 5C Schwarzmann p value 

B 20.37 ± 1.25 a 23.38 ± 2.52 a 17.50 ± 1.45 a 0.8181 
Cu 3.41 ± 0.367 a 3.07 ± 0.32 a 4.94 ± 1.28 a 0.43670 
Fe 72.65 ± 4.09 a 70.90 ± 7.45 a 76.59 ± 5.149 a 0.9933 
K 16473.63 ± 2254.49 a 11214.20 ± 2684.04 a 14301.426 ± 1730.70 a 0.60904 
Mg 4852.026 ± 364.50 a 6001.99 ± 296.97 a 4729.114 ± 274.74 a 0.44077 
Mn 222.391 ± 13.11 a 163.71 ± 31.177 a 173.69 ± 8.19 a 0.4865 
P 1016.62 ± 52.78 a 942.87 ± 72.05 a 1101.15 ± 33.15 a 0.6664 
S 1896.33 ± 99.11 a 1718.16 ± 66.62 a 1782.56 ± 97.97 a 0.34681 
Zn 25.37 ± 2.84 a 24.45 ± 4.58 a 31.69 ± 3.41 a 0.37462 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 101-14 Schwarzmann p value 

B 16.91 ± 0.69 a 17.77 ± 1.99 a 0.4044 
Cu 2.37 ± 0.12 a 3.55 ± 0.50 a 0.34425 
Fe 63.49 ± 2.33 a 56.63 ± 4.61 a 0.129373 
K 13201.45 ± b 18880.13 ± 2346.86 a 0.00519** 
Mg 3814.45 ± 122.30 b 4351.57 ± 271.01 a <0.001*** 
Mn 158.26 ± 10.14 b 170.40 ± 11.35 a 0.002458** 
P 996.23 ± 34.28 a 943.79 ± 57.44 a 0.82628 
S 2190.74 ± 49.92 b 1654.54 ± 53.95 a <0.001*** 
Zn 21.56 ± 4.26 a 23.39 ± 2.32 a 0.7273 
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B.6.8 The mean concentration (ppm) of different nutrients in the leaves of different rootstocks 

grown in Experiment 2. Statistical significance of the rootstock effect for the nutrient analysis. 
5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 5C Schwarzmann p value 

B 17.92 ± 1.74 a 12.23 ± 0.97 a 0.05218 
Cu 2.97 ± 0.45 a 2.36 ± 0.24 a 0.07644 
Fe 74.43 ± 2.51 a 64.08 ± 2.63 a 0.70035 
K 10357.95 ± 709.25 a 13070.98 ± 324.487 a 0.2248 
Mg 6602.74 ± 238.23 a 5692.408 ± 225.74 b 0.001991** 
Mn 201.32 ± 13.90 a 239.27 ± 17.31 a 0.2684 
P 1688.94 ± 480.29 a 887.84 ± 51.08 b <0.001*** 
S 1921.98 ± 96.88 a 1664.75 ± 73.65 a 0.4237 
Zn 19.69 ± 1.47 a 21.59 ± 0.84 a 0.5343 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

B.6.9 The mean concentration (ppm) of different nutrients in the leaves of different rootstocks 

grown in Experiment 3. Statistical significance of the rootstock effect for the nutrient analysis. 
5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

 Nutrient concentration (ppm) in rootstock leaves  

Nutrients 5C Schwarzmann p value 

B 14.523 ± 0.35 b 18.01 ± 1.205 a 0.01078* 
Cu 2.74 ± 0.186 a 2.73 ± 0.132 a 0.92593 
Fe 65.99 ± 2.81 a 73.39 ± 2.57 a 0.4795 
K 17066.40 ± 1013.73 a 14011.48 ± 1436.38 a 0.4042 
Mg 6241.85 ± 293.33 a 6369.79 ± 195.91 a 0.4189 
Mn 232.08 ± 12.88 a 181.86 ± 8.58 a 0.3265 
P 964.94 ± 84.81 a 992.56 ± 63.09 a 0.9587 
S 1743.85 ± 84.72 a 1773.59 ± 41.35 a 0.5216 
Zn 23.52 ± 0.89 a 20.63 ± 0.92 a 0.65604 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 
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B.6.10 The mean concentration (ppm) of different nutrients in the leaves of the different rootstocks grown in the different AMF 
communities Experiment 1a. Statistical significance of the AMF community and rootstock interaction effect for the nutrient 
ŀƴŀƭȅǎƛǎΦ 5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 

  

  Nutrient concentration (ppm) in rootstock leaves 

AMF 
community 

Rootstock B Cu Fe K Mg Mn P S Zn 

101-14 101-14 17.31 ± 0.55 a 3.32 ± 0.67 a 60.03 ± 2.05 a 12135.30 ± 519.91 a 3822 ± 317.98 
a 

194.99 ± 

11.78 a 

1264.44 ± 

92.69 a 

1869.68 ± 

80.90 a 

23.41 ± 1.43 
a 

5C 101-14 20.50 ± 0.24 a 4.06 ± 0.74 a 69.62 ± 1.92 a 11922.06 ± 2428.73 
a 

3731.03 ± 

297.75 a 

185.06 ± 

3.27 a 

1219.88 ± 

47.11 a 

2009.04 ± 

94.03 a 

21.94 ± 0.16 
a 

Schwarzmann 101-14 20.98 ± 2.74 a 3.31 ± 0.97 a 71.30 ± 2.74 a 19044.47 ± 3613.14 
a 

5246.67 ± 

1304.43 a 

189.61 ± 

32.49 a 

1171.32 ± 

259.82 a 

2422.38 ± 

391.21 a 

25.99 ± 5.02 
a 

101-14 5C 17.07 ± 0.41 a 3.42 ± 0.40 a 67.07 ± 8.92 a 11470.59 ± 3010.42 
a 

4706.96 + 196 
a 

143.07 ± 

29.96 a 

1073.14 ± 

149.71 a 

1605.43 ± 

96.74 a 

18.56 ± 2.07 
a 

5C 5C 22.47 ± 1.96 a 4.24 ± 0.48 a 70.86 ± 6.44 a 13941.67 ± 3048.49 
a 

4581.06 ± 

103.88 a 

177.75 ± 

10.97 a 

1460.78 ± 

279.22 a 

1763.94 ± 

183.41 a 

22.59 ± 3.32 
a 

Schwarzmann 5C 23.85 ± 5.63 a 4.05 ± 0.64 a 82.32 ± 3.72 a 15859.13 ± 321.90 a 5052.33 ± 

253.48 a 

179.26 ± 

36.21 a 

1635.63 ± 

348.69 a 

1891.27 ± 

70.59 a 

20.35 ± 2.39 
a 

101-14 Schwarzmann 14.60 ± 2.02 a 4.11 ± 0.71 a 69.39 ± 7.64 a 12802.04 ± 2717.19 
a 

4058.75 ± 

517.30 a 

173.61 ± 

3.19 a 

1233.95 ± 

138.59 a 

1703.36 ± 

95.04 a 

19.11 ± 0.82 
a 

5C Schwarzmann 16.59 ± 0.76 a 3.99 ± 0.75 a 62.70 ± 11.15 a 12690.40 ± 1200.05 
a 

4416.19 ± 

440.82 a 

165.41 ± 

11.99 a 

1034.05 ± 

82.246 a 

1467.96 ± 

104.57 a 

23.55 ± 1.91 
a 

Schwarzmann Schwarzmann 20.10 ± 0.72 a 3.70 ± 1.58 a 76.35 ± 5.54 a 16028.50 ± 1032.7 a 4603.28 ± 

283.38 a 

211.60 ± 

35.14 a 

951.79 ± 

248.75 a 

1652.58 ± 

145.13 a 

25.32 ± 3.78 
a 

 p value 0.92379 0.9665 0.78278 0.81520 0.746 0.9215 0.3398 0.2982 0.7368 
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B.6.11 The mean concentration (ppm) of different nutrients in the leaves of the different rootstocks grown in the different AMF 
communities Experiment 1b. Statistical significance of the AMF community and rootstock interaction effect for the nutrient 
ŀƴŀƭȅǎƛǎΦ 5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

  Nutrient concentration (ppm) in rootstock leaves 

AMF community Rootstock B Cu Fe K Mg Mn P S Zn 

101-14 101-14 15.468 ± 

0.828 a 

2.198 ± 0.205 
a 

58.90 ± 3.11 a 11931.59 ± 

1287.034 a 

3571.653 ± 

98.505 a 

150.04 ± 6.05 

a 

1012.38 ± 

49.26 ab 

2084.84 ± 

40.37 a 

15.54 ± 0.96 
a 

101-14 Schwarzmann 18.361 ± 

0.757 a 
2.55 ± 0.093 a 68.08 ± 2.413 

a 

14471.30 ± 

1259.597 a 

4057.248 ± 

180.367 a 

159.74 ± 6.72 

a 

980.075 ± 

51.40 ab 

2296.64 ± 

69.65 a 

27.58 ± 8.04 
a 

Schwarzmann Schwarzmann 20.23 ± 

0.843 a 
4.38 ± 0.397 a 72.26 ± 2.28 a 16751.00 ± 

2035.045 a 

4524.480 ± 

74.545 a 

215.36 ± 8.36 

a 

1083.49 ± 

40.23 a 

2037.406 ± 

68.437 a 

28.50 ± 1.64 
a 

Schwarzmann 101-14 16.42 ± 

0.789 a 
2.88 ± 0.203 a 63.37 ± 5.325 

a 

17323.67 ± 

1001.361 a 

4584.29 ± 

121.264 a 

166.49 ± 19.71 

a 

858.43 ± 

15.71 b 

1898.28 

±75.14 a 

21.90 ± 0.96 
a 

 p value 0.5825 0.055718 0.793239 0.37936 0.15086 0.911523 0.0225* 0.557211 0.8295 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 
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B.6.12 The mean concentration (ppm) of different nutrients in the leaves of the different rootstocks grown in the different AMF 
communities Experiment 1c. Statistical significance of the AMF community and rootstock interaction effect for the nutrient analysis. 
DƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

 

  

  Nutrient concentration (ppm) in rootstock leaves 

AMF community Rootstock B Cu Fe K Mg Mn P S Zn 

101-14 101-14 21.82 ± 1.99 
a 

3.57 ± 0.88 b 72.68 ± 9.57 
a 

14854.43 ± 
4169.045 ab 

4655.30 ± 
513.56 a 

227.94 ± 

12.26 a 

1097.48 ± 
150.62 a 

1818.40 ± 
139.65 a 

26.95 ± 5.28 
ab 

5C 101-14 20.96 ± 0.64 
a 

4.06 ± 0.08 ab 71.55 ± 5.57 
a 

20392.93 ± 
5360.23 a 

5973.60 ± 
383.92 a 

262.81 ± 

3.84 a 

983.59 ± 59.07 
a 

1698.94 ± 
59.51 a 

30.48 ± 4.54 
ab 

Schwarzmann 101-14 18.33 ± 3.34 
a 

2.60 ± 0.53 b 73.71 ± 8.77 
a 

14173.53 ± 
1800.89 ab 

3927.17 ± 
327.46 a 

176.42 ± 

3.33 a 

968.77 ± 48.01 
a 

2171.64 ± 
185.51 a 

18.69 ± 3.43 b 

5C 5C 20.47 ± 0.76 
a 

3.30 ± 0.33 a 66.31 ± 5.69 
a 

5811.36 ± 
120.38 b 

5990.69 ± 
273.69 a 

122.25 ± 

9.93 a 

955.53 ± 84.86 
a 

1604.48 ± 
20.10 a 

19.96 ± 2.28 a 

Schwarzmann 5C 26.30 ± 4.788 
a 

2.84 ± 0.59 b 75.50 ± 14.96 
a 

16617.03 ± 
2610.61 ab 

6013.28 ± 
604.93 a 

205.17 ± 

56.84 a 

930.22 ± 
136.36 a 

1831.84 ± 
94.17 a 

17.90 ± 0.386 
b 

101-14 5C 20.33 ± 2.06 
a 

3.09 ± 0.22 a 77.27 ± 7.48 
a 

8132.66 ± 
833.02 b 

4497.65 ± 
886.25 a 

148.04 ± 

26.88 a 

1209.81 ± 
111.59 a 

1639.63 ± 
130.35 a 

19.96 ± 2.281 
ab 

101-14 Schwarzmann 19.92 ± 0.57 
a 

7.62 ± 2.89 a 83.99 ± 11.41 
a 

11535.23 ± 
2445.16 ab 

5242.50 ± 
563.40 a 

187.24 ± 

13.85 a   

1109.81 ± 
77.25 a 

1613.30 ± 
126.56 a 

39.17 ± 7.14 a 

5C Schwarzmann 24.57 ± 3.39 
a 

2.53 ± 0.32 b 73.99 ± 8.27 
a 

18322.56 ± 
2965.41 a 

4478.15 ± 
358.87 a 

153.77 ± 

3.08 a 

1047.34 ± 
35.66 a 

2075.007 ± 
65.70 a 

24.58 ± 2.16 
ab 

Schwarzmann Schwarzmann 19.84 ± 1.85 
a 

5.66 ± 1.07 ab 69.38 ± 1.35 
a 

12419 ± 525.80 
ab 

4335.48 ± 
360.69 a 

183.23 ± 

17.69 a 

1168.90 ± 3.34 
a 

1597.78 ± 
48.900 a 

31.14 ± 0.74 a 

 p value 0.1334 0.0593* 0.7966 0.01167* 0.08448  0.7759 0.2365 0.2992* 
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B.6.13 The mean concentration (ppm) of different nutrients in the leaves of the different rootstocks grown in the different AMF 
communities Experiment 2. Statistical significance of the AMF community and rootstock interaction effect for the nutrient analysis. 
5ƛŦŦŜǊŜƴǘ ƭŜǘǘŜǊǎ ƳŜŀƴ ǘƘŜȅ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

  Nutrient concentration (ppm) in rootstock leaves 

AMF 
community 

Rootstock B Cu Fe K Mg Mn P S Zn 

5C 5C 15.24 ± 1.03 
ab 

2.24 ± 0.06 b 70.79 ± 1.56 
a 

10274.47 ± 
1159.23 a 

6278.94 ± 
228.11 a 

182.73 ± 6.325 a 1094.66 ± 59.85 
ab 

1772.88 ± 39.11 
a 

18 ± 0.81 a 

Schwarzmann 5C 21.95 ± 0.47 a 4.07 ± 0.21 a 79.89 ± 2.51 
a 

10483.17 ± 986.33 
a 

7088.45 ± 
135.09 a 

229.22 ± 22.47 a 2580.35 ± 
985.77 a 

2145.62 ± 76.85 
a 

22.22 ± 3.03 
a 

5C  Schwarzmann 12.06 ± 1.908 
b 

2.71 ± 0.40 ab 61.67 ± 1.58 
a 

13249 ± 564.05 a 5418.68 ± 
368.01 a 

214.20 ± 19.81 a 841.66 ± 66.84 b 1530.51 ± 81.54 
a 

21.76 ± 1.72 
a 

Schwarzmann Schwarzmann 12.40 ± 1.049s 
b 

2.02 ± 0.06 b 66.50 ± 5.10 
a 

12892.97 ± 420.24 
a 

5966.13 ± 
210.83 a 

264.346 ± 21.85 
a 

934.01 ± 80.30 
ab 

1798.98 ± 49.52 
a 

21.42 ± 0.75 
a 

 p value 0.02037* <0.001*** 0.51254 0.7349 0.635691 0.4256 0.03466  0.1351 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 
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B.6.14 The mean concentration (ppm) of different nutrients in the leaves of the rootstocks grown in the different AMF communities 
Experiment 3. Statistical significance of the AMF community effect for the nutrient analysis. Different letters mean they are 
ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

 Nutrient concentration (ppm) in rootstock leaves 

 B Cu Fe  K Mg Mn P S Zn 

101-14 AMF 14.846 ± 1.056 
a 

2.633 ± 0.370 a 68.118 ± 3.307 
a 

12669.791 ± 

1490.395 a 

6588.395 ± 

556.32 a 

593.7533 ± 23.54 
a 

881.6500 ± 

109.81 a 

1735.8400 ± 

144.81 a 

22.6383 ± 2.51 
a 

3309C AMF 15.940 ± 0.573 
a 

2.978 ± 0.415 a 69.170 ± 2.712 
a 

17337.483 ± 

1746.352 a 

7010.920 ± 

883.73 a 

1117.8783 ± 

22.57 a 

1263.7517 ± 

272.24 a 

2000.2150 ± 

222.61 a 

23.8883 ± 2.77 
a 

420A AMF 14.481 ± 1.002 
a 

2.476 ± 0.232 a 70.765 ± 7.657 
a 

12584.131 ± 

1797.191 a 

6106.170 ± 

382.32 a 

829.1117 ± 21.75 
a 

763.5667 ± 55.98 
a 

1647.6100 ± 

63.06 a 

20.0833 ± 1.29 
a 

5C AMF 15.475 ± 0.759 
a 

2.696 ± 0.310 a 79.120 ± 4.952 
a 

17600.666 ± 

3112.864 a 

6545.953 ± 

447.63 a 

755.8783 ± 26.97 
a 

1102.5633 ± 

174.44 a 

1940.1067 ± 

170.71 a 

20.9283 ± 1.29 
a 

99R AMF 15.940 ± 1.043 
a 

2.468 ± 0.223 a 68.443 ± 6.973 
a 

15710.361 ± 

2278.859 a 

6143.631 ± 

351.06 a 

610.8250 ± 30.13 
a 

952.4400 ± 56.23 
a 

1660.8450 ± 

82.10 a 

20.7950 ± 1.58 
a 

Fercal AMF 20.740 ± 
 

 4.814 a 

2.805 ± 0.235 a 62.016 ± 5.028 
a 

20062.433 ± 

4633.525 a 

5511.023 ± 

330.03 a 

882.7733 ± 21.36 
a 

918.4933 ± 

177.26 a 

1683.7417 ± 

56.51 a 

22.7350 ± 0.78 
a 

Riparia Gloire AMF 16.085 ± 0.662 
a 

2.996 ± 0.421 a 79.768 ± 6.348 
a 

15342.286 ± 

1868.779 a 

6423.425 ± 

186.97 a 

652.9867 ± 13.75 
a 

827.3967 ± 59.83 
a 

1693.8333 ± 

38.01 a 

22.7617 ± 1.94 
a 

Schwarzmann AMF 16.631 ± 0.939 
a 

2.826 ± 0.400 a 60.143 ± 2.160 
a 

13004.415 ± 

1406.594 a 

6117.071 ± 

561.62 a 
498.4833 ± 9.34 a 1120.1850 ± 

90.06 a 

1707.6033 ± 

153.79 a 

22.8117 ± 2.67 
a 

p value 0.20342 0.85483 0.1008 0.2526 0.5589 0.08652 0.3748 0.2694 0.70597 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001. 
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B.6.15 The mean concentration (ppm) of different nutrients in the leaves of the different rootstocks grown in the different AMF 
communities Experiment 3. Statistical significance of the AMF community and rootstock interaction effect for the nutrient analysis. 
Different letters mean they are sigƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ όǇ Җ лΦлрύΦ aŜŀƴ ҕм{9Φ 

  Nutrient concentration (ppm) in rootstock leaves 

AMF community Rootstock B Cu Fe  K Mg Mn P S Zn 

101-14 5C 28.07 ± 7.80 a 3.30 ± 0.11 ab 63.12 ± 10.50 
a 

24612.83 ± 

9277.95 a 

5549.440 ± 

535.27 a 

211.47 ± 37.61 

a 

1051.10 ± 

365.75 a 

1753.82 ± 

87.44 a 
23.42 ± 0.69 a 

3309C 5C 16.96 ± 2.07 a 2.73 ± 0.34 ab 78.25 ± 10 a 14211.59 ± 

2593.29 a 

6189.587 ± 

256.91 a 

220.82 ± 12.69 

a 

1008.99 ± 

79.44 a 

1686.16 ± 

100.48 a 
18.30 ± 2.13 a 

420A 5C 16.16 ± 1.22 a 2.93 ± 0.07 ab 82.53 ± 6.21 

a 
9069.66 ± 

899.06 a 

6774.013 ± 

469.25 a 

141.28± 17.96 

a 

838.27 ± 69.89 

a 

1776.96 ± 

32.19 a 
20.11 ± 0.48 a 

5C 5C 16.78 ± 0.73 a 2.35 ± 0.24 ab 70.14 ± 4.56 

a 

15125.06 ± 

2811.01 a 

5968.387 ± 

505.37 a 

184.94 ± 35.17 
a 

1102.56 ± 

240.07 a 

1785.41 ± 

76.25 a 
19.24 ± 1.69 a 

99R 5C 16.36 ± 1.21 a 2.27 ± 0.21 ab 82.14 ± 5.38 
a 

11565.80 ± 

1136.52 a 

6116.803 ± 

644.19 a 

162.88 ± 11.64 
a 

985.39 ± 

170.76 a 
1730.33 ± 

102.69 a 
18.11 ± 0.57 a 

Fercal 5C 16.45 ± 1.34 a 2.29 ± 0.11 ab 79.95 ± 5.72 

a 

12508.07 ± 

1507.60 a 

6369.697 ± 

332.70 a 
202.13 ± 17.54 

a 
841.76 ± 95.97 
a 

1701 ± 83.10 
a 

18.68 ± 0.26 a 

Riparia Gloire 5C 18.16 ± 1.32 a 3.13 ± 0.77 ab 60.79 ± 1.92 

a 

12840.49 ± 

1964.14 a 

6986.730 ± 

877.16 a 

172.72 ± 14.16 

a 

1160.32 ± 

182.21 a 
1875.41 ± 

274.94 a 
24.88 ± 5.40 a 

Schwarzmann 5C 15.16 ± 1.06 a 2.82 ± 0.46 ab 70.17 ± 4.12 

a 

12158.38 ± 

2304.09 a 
7003.697 ± 

685.42 a 
158.68 ± 16.71 
a 

951.82 ± 

214.52 a 

1879.70 ± 

145.95 a 
22.32 ± 4.2 a 

101-14 Schwarzmann 13.97 ± 1.64 a 2.39 ± 0.18 b 63.51 ± 4.95 

a 

15964.70 ± 

1034 a 
5456.140 ± 

876.95 a 
220.67 ± 11.53 

a 

727.74 ± 83.52 
a 

1620.44 ± 

100.49 a 
20.73 ± 1.09 a 

3309C Schwarzmann 14.92 ± 0.32 a 2.2 ± 0.23 b 58.63 ± 6.84 
a 

17209.13 ± 

4122.43 a 
6097.677 ± 

740.35 a 

326.16 ± 40.05 
a 

895.88 ± 79.39 
a 

1635.52 ± 
151.55 

23.29 ± 1.34 a 

420A Schwarzmann 12.80 ± 0.83 a 2.02 ± 0.23 b 59 ± 10.77 a 16098.60 ± 

1729.08 a 
5438.327 ± 

254.28 a 
209.32 ± 29.78 
a 

688.85 ± 72.15 
a 

1518.25 ± 

46.04 a 
20.05 ± 2.85 a 

5C Schwarzmann 15.09 ± 0.62 a 3.60 ± 0.63 a 68.19 ± 3.87 

a 

19549.90 ± 

1565.92 a 
8053.453 ± 

1600.83 a 
238.81 ± 24.19 

a 
1424.94 ± 

535.68 a 

2215.02 ± 

442.54 a 
28.54 ± 3.75 a 

99R Schwarzmann 14.59 ± 0.79 a 3.12 ± 0.51 ab 76.09 ± 9.18 
a 

23635.53 ± 

3276.94 a 
6975.103 ± 

634.62 a 
276.92 ± 15.84 
a 

1219.73 ± 

330.55 a 
2149.88 ± 

301.94 a 
23.75 ± 0.36 a 

Fercal Schwarzmann 15.72 ± 0.51 a 3.69 ± 0.61 a 79.58 ± 12.98 

a 

18176.50 ± 

2675.07 a 
6808.20 ± 

247.44 a 
214.00 ± 24.54 

a 

813.03 ± 92.11 
a 

1686.47 ± 

16.27 a 
26.84 ± 1.48 a 

Riparia Gloire Schwarzmann 15.67 ± 0.58 a 2.30 ± 0.43 ab 57.12 ± 6.38 

a 

11259 ± 

2662.10 a 
6477.153 ± 

44.13 a 
142.46 ± 5.305 

a 

1148.93 ± 

54.83 a 
1437.74 ± 

111.42 a 
19.39 ± 1.34 a 

Schwarzmann Schwarzmann 15.98 ± 2.60 a 2.79 ± 0.96 ab 67.63 ± 9.64 

a 

14672.85 ± 

3151.65 a 
5022.155 ± 

1226.93 a 
269.64 ± 6.02 
a 

109.48 ± 

884.66 a 
1754.69 ± 

330.39 a 
25.46 ± 4.77 a 

 p value 0.10246 0.01318* 0.8058 0.2454 0.3024 0.3642 0.9522 0.0987 0.08265 

*= significant at p=0.01, ** = significant at p=0.001, *** = significant at p=0.0001.
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C.1 Tests for differences between unordered Rootstocks AMF community groups. Sample 
statistic (R): 0.54. Significance level of sample statistic: 0.1%. Number of permutations: 999 
(Random sample from a large number). Number of permuted statistics greater than or equal 
to R: 0. 

 Group 
        R 
Statistic 

Significance 
level % 

    Possible 
Permutation 

      Actual 
Permutation 

Number 
>=observed 

5C5C, 101-145C 0.316 4.8 126 126 6 

5C5C, Schwarzmann5C 0.054 37.3 126 126 47 

5C5C, SchwarzmannSchwarzmann 0.44 0.8 126 126 1 

5C5C, 5CSchwarzmann 0.264 6.3 126 126 8 

5C5C, 101-14Schwarzmann 0.472 1.6 126 126 2 

5C5C, 101-14101-14 0.464 0.8 126 126 1 

5C5C, 5C101-14 0.266 5.6 126 126 7 

5C5C, Schwarzmann101-14 0.45 0.8 126 126 1 

101-145C, Schwarzmann5C 0.33 1.6 126 126 2 

101-145C, SchwarzmannSchwarzmann 0.782 0.8 126 126 1 

101-145C, 5CSchwarzmann 0.57 0.8 126 126 1 

101-145C, 101-14Schwarzmann 0.838 0.8 126 126 1 

101-145C, 101-14101-14 0.558 0.8 126 126 1 

101-145C, 5C101-14 0.666 1.6 126 126 2 

101-145C, Schwarzmann101-14 0.86 0.8 126 126 1 

Schwarzmann5C, SchwarzmannSchwarzmann 0.444 0.8 126 126 1 

Schwarzmann5C, 5CSchwarzmann 0.214 11.9 126 126 15 

Schwarzmann5C, 101-14Schwarzmann 0.498 0.8 126 126 1 

Schwarzmann5C, 101-14101-14 0.328 3.2 126 126 4 

Schwarzmann5C, 5C101-14 0.22 9.5 126 126 12 

Schwarzmann5C, Schwarzmann101-14 0.504 0.8 126 126 1 

SchwarzmannSchwarzmann, 5CSchwarzmann 0.118 21.4 126 126 27 

SchwarzmannSchwarzmann, 101-14Schwarzmann 0.508 0.8 126 126 1 

SchwarzmannSchwarzmann, 101-14101-14 0.662 0.8 126 126 1 

SchwarzmannSchwarzmann, 5C101-14 0.794 0.8 126 126 1 

SchwarzmannSchwarzmann, Schwarzmann101-14 0.904 0.8 126 126 1 

5CSchwarzmann, 101-14Schwarzmann 0.504 0.8 126 126 1 

5CSchwarzmann, 101-14101-14 0.538 0.8 126 126 1 

5CSchwarzmann, 5C101-14 0.626 0.8 126 126 1 

5CSchwarzmann, Schwarzmann101-14 0.796 0.8 126 126 1 

101-14Schwarzmann, 101-14101-14 0.688 0.8 126 126 1 

101-14Schwarzmann, 5C101-14 0.486 0.8 126 126 1 

101-14Schwarzmann, Schwarzmann101-14 0.984 0.8 126 126 1 

101-14101-14, 5C101-14 0.578 1.6 126 126 2 

101-14101-14, Schwarzmann101-14 0.892 0.8 126 126 1 

5C101-14, Schwarzmann101-14 0.396 1.6 126 126 2 
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C.2 Summary of the statistical significance effect of treatments on shoot growth between 10 
and 20 weeks after pathogen inoculation and total average chlorophyll content of the lower, 
middle and upper leaves for the three rootstocks (101-14, 5C and Schwarzmann). Df- degrees 
of freedom.  

Effects Df Sum 
Squares 

Mean 
Squares 

F value   Pr(>F)   

Shoot Growth 
101-14 treatments  7 1775.4 253.629 2.557 0.021* 
5C treatments 7 4698.688 671.241 1.448 0.2 
Schwarzmann treatments 7 3837.254 639.542 1.380 0.234 

Total Chlorophyll Content  
101-14 treatments  7 102705 14672 2.719 0.0147* 
5C treatments 7 523801 74829 78.9 < 0.001*** 
Schwarzmann treatments 7 373593 53370 22.69 < 0.001*** 

*= 0.01; ** = 0.001, *** = 0.0001 

C.3 Summary of the statistical significance effect of treatments on total biomass, root length, 
shoot length and root: shoot ratio of the three rootstocks (101-14, 5C and Schwarzmann). Df- 
degrees of freedom.  

Effects Df Sum Sq Mean Sq F value   Pr(>F)   

Response: Dry shoot weight  
101-14 treatments  7 32.856 4.694 2.156 0.048* 
5C treatments 7 204.788 29.255 2.690 0.016* 
Schwarzmann treatments 7 61.328 8.761 1.171 0.330 

Response: Dry root weight 
101-14 treatments  7 97.378 13.911 2.001 0.067 
5C treatments 7 133.710 19.101 3.035 0.007** 
Schwarzmann treatments 7 38.298 5.471 0.645 0.717 

Response: Total Biomass (dry shoot weight + dry root weight) 
101-14 treatments  7 233.07 33.295 2.0915 0.05527 
5C treatments 7 589.6 84.23 3.276 0.00445** 
Schwarzmann treatments 7 178.44 25.491 0.8969 0.5138 

Response: Root length at harvest 
101-14 treatments  7 2244.2 320.60 3.0391 0.007395** 
5C treatments 7 2329 332.7 4.414 0.000399*** 
Schwarzmann treatments 7 1243.8 177.69 0.8259 0.5691 

Response: Shoot length at harvest 
101-14 treatments  7 16649 2378.40 3.0169 0.007755** 
5C treatments 7 22000 3142.8 3.484 0.00286** 
Schwarzmann treatments 7 9787 1398.2 1.3841 0.2253 

Response: Root:Shoot ratio 
101-14 treatments  7 55.401 7.9144 2.3347 0.03321* 
5C treatments 7 5.27 0.7526 1.523 0.173 
Schwarzmann treatments 7 2.901 0.41436 0.4912 0.838 

*= 0.01; ** = 0.001, *** = 0.0001 
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C.4 Summary of the statistical significance of the overall effect of rootstock and 
pathogen inoculated and uninoculated treatments on disease incidence. Df- 
degrees of freedom. 

Disease incidence Type III Sum of Squares Df 
Mean 
Square 

F value Pr(>F) 

Corrected Model 79726.563a 3 26575.521 27.96 <0.001*** 

Rootstock* Pathogen 520335.938 1 520335.938 547.447 <0.001*** 

Rootstock 23453.125 2 11726.562 12.338 <0.001*** 
Treatment (pathogen vs no 
pathogen) 56273.438 1 56273.438 59.205 <0.001*** 

Error 224312.5 236 950.477 

 

Total 824375 240 

 

Corrected Total 304039.063 239 

a. R Squared = .262 (Adjusted R Squared = .253)  

*= 0.01; ** = 0.001, *** = 0.0001 

C.5 Table A4.5. Summary of the statistical significance effect of treatments on disease 
incidence percentage at 0 cm and 5 cm above stem base for the three rootstocks (101-14, 5C 
and Schwarzmann). Df- degrees of freedom.  

Effects Df Sum Sq Mean Sq F value   Pr(>F)   

101-14 Disease Incidence  
Treatments (0 cm) 7 18000 2571.429 1.403 0.218 
Treatments (5 cm) 7 28875 4125 2.200 0.044* 

5C Disease Incidence  
Treatments (0 cm) 7 24875 3553.571 2.638 0.017* 
Treatments (5 cm) 7 36000 5142.857 2.374 0.031* 

Schwarzmann Disease Incidence  
Treatments (0 cm) 7 28875 4125 3.194 0.005** 
Treatments (5 cm) 7 30000 4285.714 1.837 0.093 

*= 0.01; ** = 0.001, *** = 0.0001 

C.6 Summary of the statistical significance effect of treatments on disease incidence 
percentage at 0 cm and 5 cm above stem base for the three rootstocks (101-14, 5C and 
Schwarzmann). Df- degrees of freedom. 

Effects Df Sum Sq Mean Sq F value   Pr(>F)   

Disease Severity 
101-14 treatments (0 cm) 7 22000 3142.857 5.404 0.0001*** 
5C treatments (0 cm) 7 29468.750 4209.821 4.315 0.0001*** 
Schwarzmann treatments (0 cm) 7 34804.688 4972.098 4.356 0.0001*** 

*= 0.01; ** = 0.001, *** = 0.0001 
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C.7 Sequencing analysis results of the sub-cultured (10%) colonies for pathogen confirmation 
and identification based on the histone H3 gene region.  

No Bp Closest match Query cover  Similarity  Accession # 

101-14 rootstock 
101-14 AMF 511 Ilyonectria liriodendri 99% 97.61% JF735508 
5C AMF  498 Dactylonectria torresensis 93% 99.30% MN561695 
Schwarzmann AMF  508 Ilyonectria liriodendri 95% 100% MK330712 
101-14 AMF + pathogen 515 Ilyonectria liriodendri 96% 98.93% JF735513 
5C AMF + pathogen  506 Ilyonectria sp. 92% 99.54% MH553540 
Schwarzmann AMF + pathogen 500 Dactylonectria novozelandica 93% 99.78% MK409915 
Pathogen 509 Ilyonectria liriodendri 96% 99.72% MK579278 
Control 522 Ilyonectria liriodendri 93% 99.12% JF735513 

5C rootstock 
5C AMF 500 Ilyonectria sp. 96% 98.94% MH553540 
101-14 AMF 495 Ilyonectria sp. 95% 97.56% MF350439 
Schwarzmann AMF  506 Ilyonectria sp. 96% 99.20% MH553540 
5C AMF + pathogen 519 Ilyonectria liriodendri 96% 99.16% JF735513 
101-14 AMF + pathogen  510 Ilyonectria liriodendri 96% 98.95% MK579278 
Schwarzmann AMF + pathogen 510 Ilyonectria liriodendri 96% 98.50% MK330712 
Pathogen 485 Ilyonectria liriodendri 98% 99.14% MK579278 
Control 489 Ilyonectria liriodendri 97% 99.36% MK579278 

Schwarzmann rootstock 
Schwarzmann AMF 483 Ilyonectria liriodendri 96% 99.14% MK579278 
5C AMF 495 Ilyonectria liriodendri 94% 99.14% MK330712 
101-14 AMF 498 Dactylonectria torresensis 91% 99.31% MN561695 
Schwarzmann AMF + pathogen 484 Dactylonectria macrodidyma 97% 99.11% KF633159 
5C AMF + pathogen  481 Dactylonectria macrodidyma 98% 99.34% KF633159 
101-14 AMF + pathogen 493 Ilyonectria liriodendri 98% 98.71% MK579278 
Pathogen 500 Ilyonectria liriodendri 96% 98.52% MK330712 
Control 494 Dactylonectria macrodidyma 98% 98.29% KF633159 
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D.1 Twelve-base Golay error-correcting barcode sequences used to generate indexed reverse 
primer constructs for PCR.  

Barcode Name 
Barcode Nucleotide 
Sequence Barcode Name 

Barcode Nucleotide 
Sequence 

AML2r_p1 TCCCTTGTCTCC AML2r_p49 GTGGAGTCTCAT 

AML2r_p2 ATCACCAGGTGT AML2r_p50 GCTCGAAGATTC 

AML2r_p3 TGGTCAACGATA AML2r_p51 AGGCTTACGTGT 

AML2r_p4 ATCGCACAGTAA AML2r_p52 TCTCTACCACTC 

AML2r_p5 AGCGGAGGTTAG AML2r_p53 ACTTCCAACTTC 

AML2r_p6 TACAGCGCATAC AML2r_p54 CTCACCTAGGAA 

AML2r_p7 AATTGTGTCGGA AML2r_p55 GTGTTGTCGTGC 

AML2r_p8 TGCATACACTGG AML2r_p56 CCACAGATCGAT 

AML2r_p9 AGTCGAACGAGG AML2r_p57 TATCGACACAAG 

AML2r_p10 ACCAGTGACTCA AML2r_p58 GATTCCGGCTCA 

AML2r_p11 GAATACCAAGTC AML2r_p59 TAGGCATGCTTG 

AML2r_p12 GTAGATCGTGTA AML2r_p60 AACTAGTTCAGG 

AML2r_p13 CCAATACGCCTG AML2r_p61 GTACGATATGAC 

AML2r_p14 GATCTGCGATCC AML2r_p62 TAGTATGCGCAA 

AML2r_p15 CAGCTCATCAGC AML2r_p63 ATGGCTGTCAGT 

AML2r_p16 CAAACAACAGCT AML2r_p64 GCGTTCTAGCTG 

AML2r_p17 GCAACACCATCC AML2r_p65 GTTGTTCTGGGA 

AML2r_p18 CGAGCAATCCTA AML2r_p66 ATGTCACCGCTG 

AML2r_p19 AGTCGTGCACAT AML2r_p67 AGCAGAACATCT 

AML2r_p20 GTATCTGCGCGT AML2r_p68 TTGGCTCTATTC 

AML2r_p21 CGAGGGAAAGTC AML2r_p69 GATCCCACGTAC 

AML2r_p22 CAAATTCGGGAT AML2r_p70 TACCGCTTCTTC 

AML2r_p23 AGATTGACCAAC AML2r_p71 TGTGCGATAACA 

AML2r_p24 AGTTACGAGCTA AML2r_p72 GATTATCGACGA 

AML2r_p25 CAACTCCCGTGA AML2r_p73 GCCTAGCCCAAT 

AML2r_p26 TTGCGTTAGCAG AML2r_p74 CATTCGTGGCGT 

AML2r_p27 TACGAGCCCTAA AML2r_p75 GCATGTCGAAAT 

AML2r_p28 CACTACGCTAGA AML2r_p76 CCTATGCACGGT 

AML2r_p29 TGCAGTCCTCGA AML2r_p77 GCGTGGTCATTA 

AML2r_p30 ACCATAGCTCCG AML2r_p78 AGTCACATCCGC 

AML2r_p31 TCGACATCTCTT AML2r_p79 TGGAGGTTCTCA 

AML2r_p32 GAACACTTTGGA AML2r_p80 TGCTTGTAGGCA 

AML2r_p33 GAGCCATCTGTA AML2r_p81 CTTAAATGGGCA 

AML2r_p34 TAATACGGATCG AML2r_p82 GGTATCACCCTG 

AML2r_p35 TCGGAATTAGAC AML2r_p83 CGCCTTGATAAG 
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AML2r_p36 TGTGAATTCGGA AML2r_p84 CGTTTATCCGTT 

AML2r_p37 TACTACGTGGCC AML2r_p85 TTGTACTCACTC 

AML2r_p38 GGCCAGTTCCTA AML2r_p86 TAACGTGTGTGC 

AML2r_p39 CTATCTCCTGTC AML2r_p87 TCTTGGAGGTCA 

AML2r_p40 ACTCACAGGAAT AML2r_p88 AAGGCGCTCCTT 

Table D1 continued 

Barcode Name 
Barcode Nucleotide 
Sequence Barcode Name 

Barcode Nucleotide 
Sequence 

AML2r_p41 ATGATGAGCCTC AML2r_p89 GGTGACTAGTTC 

AML2r_p42 GTCGACAGAGGA AML2r_p90 AGCATGTCCCGT 

AML2r_p43 TGTCGCAAATAG AML2r_p91 GTGGTGGTTTCC 

AML2r_p44 CATCCCTCTACT AML2r_p92 GGACTTCCAGCT 

AML2r_p45 TATACCGCTGCG AML2r_p93 GTCACGGACATT 

AML2r_p46 AGTTGAGGCATT AML2r_p94 GCGAGCGAAGTA 

AML2r_p47 ACAATAGACACC AML2r_p95 ATCTACCGAAGC 

AML2r_p48 CGGTCAATTGAC AML2r_p96 ACTTGGTGTAAG 

D.2 Analysis results of percentage of mycorrhizal colonisation across all vineyards using one-
way ANOVA in SPSS. F: fraction, Df: degree of freedom. Significance at p value < 0.05. 

   Sum of 

Squares 

Df Mean 

square 

F Sig. 

Between Groups   2478.580 11 225.325 3.665 0.002** 

 Linear term Contrast 193.874 1 193.874 3.154 0.084 

  Deviation 2284.707 10 228.471 3.716 0.002** 

Within Groups   2213.126 36 61.476   

Total   4691.707 47    

 

D.3 Analysis results of percentage of mycorrhizal colonisation between conventional and 
organic vineyards using one-way ANOVA in SPSS. F: fraction, Df: degree of freedom. 
Significance at p value < 0.05. 

   Sum of 

Squares 

Df Mean 

square 

F Sig. 

Between Groups   1427.683 1 1427.683 20.120 <0.001*** 

 Linear term Contrast 1427.683 1 1427.683 20.120 <0.001*** 

Within Groups   3264.024 46 70.957   

Total   4691.707 47    
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D.4 Spore abundance counts (number of spores/20g) of each spore morphology (M1-M5) 
recovered from the trap cultures set up using root samples from the different vineyard sites. 

Vineyard Agriculture practice Variety Rootstock Position M1 M2 M3 M4 M5 

Pernod Ricard Conventional Pinot Noir 3309C IR* XXX XXX X  X 
Pernod Ricard Conventional Pinot Noir 3309C ITR* XXXX XXXX XXX  XXX 
Pernod Ricard Conventional Pinot Noir 3309C IR XXX XXX XX  XX 
Pernod Ricard Conventional Pinot Noir 3309C ITR XXX XXX X  XX 
Constellation Conventional Pinot Noir Riparia Gloire IR XXXX XXXX    
Constellation Conventional Pinot Noir Riparia Gloire ITR XXXX XXXX  XXX  
Constellation Conventional Pinot Noir Riparia Gloire IR XXXX XXXX  XXX  
Constellation Conventional Pinot Noir Riparia Gloire ITR XXXX XXXX  XXX  
Dog Point Organic Pinot Noir SO4 IR XXX XXX XXX   
Dog Point Organic Pinot Noir SO4 ITR XXX XXX XX   
Dog Point Organic Pinot Noir SO4 IR XXX XX XX   
Dog Point Organic Pinot Noir SO4 ITR XXX XXX XXX   
Wither Hills Conventional Pinot Noir 101-14 IR XXXX XXX XXXX  XX 
Wither Hills Conventional Pinot Noir 101-14 ITR XXXX XXX XXXX  X 
Wither Hills Conventional Pinot Noir 101-14 IR XXXX XXXX XXXX  X 
Wither Hills Conventional Pinot Noir 101-14 ITR XXXX XXXX XXXX  XX 
Pernod Ricard Organic Pinot Noir Riparia Gloire IR XXX XX XXX   
Pernod Ricard Organic Pinot Noir Riparia Gloire ITR XX X XXX   
Pernod Ricard Organic Pinot Noir Riparia Gloire IR XX XX XXX   
Pernod Ricard Organic Pinot Noir Riparia Gloire ITR XXX XX XX   
Wither Hills Organic Pinot Noir Schwarzmann IR XX X XX XX  
Wither Hills Organic Pinot Noir Schwarzmann ITR XX XX X   
Wither Hills Organic Pinot Noir Schwarzmann IR XX X XX   
Wither Hills Organic Pinot Noir Schwarzmann ITR XX XX X   

XXXX: high >40 spores, XXX: Moderately high 30-40 spores, XX: low 20-30 spores and X: very low 10-20 spores. 
*IR = in row, ITR = intra-row  

Vineyard Agriculture practice Variety Rootstock Position M1 M2 M3 M4 M5 

Ellin Estate  Conventional Sauvignon Blanc SO4 IR XXXX XXXX XXXX   
Ellin Estate  Conventional Sauvignon Blanc SO4 ITR XXX XXX XXX   
Ellin Estate Conventional Sauvignon Blanc SO4 IR XXXX XX XXX   
Ellin Estate Conventional Sauvignon Blanc SO4 ITR XXXX XXX XXXX   
Constellation Conventional Sauvignon Blanc 101-14 IR XXX XX XXX  X 
Constellation Conventional Sauvignon Blanc 101-14 ITR XXXX XXXX XXXX XX XXX 
Constellation Conventional Sauvignon Blanc 101-14 IR XXXX XXX XXXX XXX XXX 
Constellation Conventional Sauvignon Blanc 101-14 ITR XXXX XXXX XXX XX XX 
Dog Point Organic Sauvignon Blanc SO4 IR XXXX XXXX    
Dog Point Organic Sauvignon Blanc SO4 ITR XXXX XXXX    
Dog Point Organic Sauvignon Blanc SO4 IR XX XX XXX   
Dog Point Organic Sauvignon Blanc SO4 ITR XXXX XXXX XXXX   
Tua Marina Organic Sauvignon Blanc 101-14 IR XXXX XXXX XXX XXX  
Tua Marina Organic Sauvignon Blanc 101-14 ITR XXXX XXX XXXX XX  
Tua Marina Organic Sauvignon Blanc 101-14 IR XXXX XXXX XXXX XX  
Tua Marina Organic Sauvignon Blanc 101-14 ITR XXXX XXXX XXXX   
Oyster Bay Conventional Sauvignon Blanc 5C IR XXXX XXX XXX  XX 
Oyster Bay Conventional Sauvignon Blanc 5C ITR XXXX XXXX XXX  XX 
Oyster Bay Conventional Sauvignon Blanc 5C IR XXXX XXXX XXX  XXX 
Oyster Bay Conventional Sauvignon Blanc 5C ITR XXXX XXXX   XXX 
Rock Ferry Organic Sauvignon Blanc 5C IR XXX XX XXX   
Rock Ferry Organic Sauvignon Blanc 5C ITR XX XXX XXX   
Rock Ferry Organic Sauvignon Blanc 5C IR XXX XX XX   
Rock Ferry Organic Sauvignon Blanc 5C ITR XXX XXX XX   

XXXX: high >40 spores, XXX: Moderately high 30-40 spores, XX: low 20-30 spores and X: very low 10-20 spores. 
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D.5 Soil Analysis for the 12 vineyards sampled in the Marlborough region 
 

 
* MC = moisture content, CEC = cation exchange capacity, SOM = soil organic content.  

D.6 PERMANOVA results for Soil analysis to assess differences between the vineyards 

PERMANOVA table of results  
                                                                                                         Unique  
Source      df         SS             MS          Pseudo-F       P(perm)    perms  
MC (%)      1     7456.8     7456.8        2.5717              0.011       999  
pH              1     1976.6     1976.6        0.68167            0.771       999  
CEC            1     855.59      855.59       0.29507            0.998       997  
SOM          1     3559.4      3559.4       1.2276              0.236       999  
C                1     1645.2      1645.2        0.56741            0.892       996  
N               1     2880.3      2880.3        0.99337            0.407       999  
C/N           1     1964.1      1964.1        0.67736            0.781       998  

P               1     3208.9      3208.9        1.0583              0.399       999

 

Agri_System_Variety Rootstock MC (%) pH CEC SOM C N 
C/N 
ratio P Soil Texture Clay (%) 

Sand 
(%) 

Silt 
(%) 

Conventional_Pinot Noir 101-14 18.76 6.17 12.58 4.28 2.49 0.21 11.67 591.10 Clay-Loam 27.92 28.09 43.99 

Organic_Pinot Noir Schwarzmann 7.99 6.2 0.521 2.25 1.31 0.11 12.45 1148.66 Clay 74.16 15.93 9.91 
Organic_Sauvignon 
Blanc 101-14 12.36 6.35 14.024 8.63 5.02 0.41 12.27 621.80 

Silty-Clay-
Loam 29.92 19.955 50.125 

Organic_Sauvignon 
Blanc SO4 10.38 6.16 10.349 4.92 2.86 0.24 11.89 828.91 Clay-Loam 29.92 27.95 42.13 

Conventional_Pinot Noir Riparia Gloire 15.47 6.53 10.23 4.61 2.68 0.22 12.13 891.94 Clay-Loam 36.56 29.765 33.675 

Organic_Pinot Noir Riparia Gloire 11.36 6.52 7.588 4.05 2.36 0.19 12.2 1009.00 Loam 24.96 32.45 42.59 
Conventional_Sauvignon 
Blanc SO4 18.34 5.92 13.222 6.54 3.8 0.32 11.75 958.00 Clay-Loam 29.44 40.225 30.335 
Conventional_Sauvignon 
Blanc 5C 15.34 6.28 12.995 2.63 1.53 0.13 12.13 878.68 Loam 24.88 38.575 36.545 
Organic_Sauvignon 
Blanc 5C 12.36 6.4 4.25 2.3 1.34 0.13 11.12 667.88 

Silty-Clay-
Loam 30.48 14.18 55.34 

Conventional_Sauvignon 
Blanc 101-14 6.5 6.4 2.002 2.58 1.5 0.13 11.77 878.90 Loam 23.45 45.89 30.66 

Organic_Pinot Noir SO4 10.38 6.34 8.69 3.96 2.3 0.22 10.38 721.57 Clay-Loam 28.32 25.34 46.34 

Conventional_Pinot Noir 3309C 10.86 5.84 7.554 4.2 2.44 0.2 12.38 742.96 Clay-Loamy 33.12 22.875 44.005 
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D.7 Library size overview and count reads for all the samples after rarefication to the 
minimum library size 9997. 
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D.8 AMF identification to genus and species level based on blast information including accession number based on the MaarjAM 
and NCBI database. 

Species 
Actual 

Abundance 

Relative 
Abundance 

(%) Description Accession # 

Glomus sp. 1 258464 60.98 uncultured Glomus genomic DNA sequence contains 18S rRNA gene LN619179 

Glomus sp. 2 22852 5.2 uncultured Glomus genomic DNA sequence contains 18S rRNA gene  LT935593  

Glomus sp. 3 18970 4.31 uncultured Glomus partial 18S rRNA gene, isolate SLTSv14 VT115 LT984143   

Glomus sp. 4 2382 0.54 Root tissue Uncultured Glomus partial 18S rRNA gene, clone p3696 AJ563874  

Glomus sp. 5 5461 1.24 Glomus sp. MO-G12 partial 18S rRNA gene, clone cMO81.1  AJ496108  

Glomus sp. 6 86 0.02 Uncultured Glomeromycota clone 21 small subunit ribosomal RNA gene KJ959948  

Glomus macrocarpum 1932 0.44 Glomus macrocarpum CE1509_SSU-3 gene for 18S rRNA, partial sequence. LC379056 

Glomus sp. 7 1444 0.33 
Uncultured Glomus gene for 18S ribosomal RNA, partial sequence, clone: 
Ai_2_9 

AB695014 

Glomus sp. 8 1799 0.32 
Uncultured Glomus partial 18S rRNA gene, isolate OV-4A VTX00115, clone 
IK2YRTO01CXVP3 

LT716275 

Glomus sp. 9 407 0.09 Uncultured Glomus partial 18S rRNA gene, isolate T2_OA_G7 AM849263 

Glomus sp. 10 347 0.08 
Uncultured Glomus gene for 18S ribosomal RNA, partial sequence, clone: 
Fu_3_5. 

AB694986  

Glomus sp. 11 256 0.06 Uncultured Glomus clone 4927889 18S ribosomal RNA gene, partial sequence JN559777  

Glomus sp. 12 245 0.06 
uncultured Glomus partial 18S rRNA gene, isolate SLSAv14 VT86, clone 
JHQ0WPG02IR8TA 

LT983794  

Glomus sp. 13 217 0.05 
Uncultured Glomus partial 18S rRNA gene, isolate GAxPS VTX00113, clone 
GAMF3183. 

LN618462    

Glomus sp. 14 209 0.05 
Uncultured Glomus partial 18S rRNA gene, isolate LIEA3 GG170, clone 
VTX00222 

 HG969595 

Glomus sp. 15 199 0.05  Glomus sp. 1182/B large subunit ribosomal RNA gene, partial sequence AF538694  

Glomus sp. 16 177 0.04 
Uncultured Glomus partial 18S rRNA gene, isolate CO1SC VTX00247, clone 
GAMF3004 

LN618283 

Glomus sp. 17 160 0.04 Uncultured Glomus clone 5226572 18S ribosomal RNA gene, partial sequence JN559842 

Funneliformis sp. 410 0.09 
uncultured Glomus partial 18S rRNA gene, isolate SLJCv15 VT64, clone 
JHQ0WPG02ITH2J. 

LT983373  

Funneliformis mosseae 99 0.02 
Funneliformis mosseae isolate GB13043 small subunit ribosomal RNA gene, 
partial sequence. 

MN726657  
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Table D.8 continued 

Species 
Actual 

Abundance 

Relative 
Abundance 

(%) Description Accession # 

Claroideoglomus sp. 1 32333 7.35 
Uncultured Claroideoglomus partial 18S rRNA gene, isolate CM2TO, 
VTX00056, clone GAMF2897. 

  LN618176  

Claroideoglomus sp. 2 10847 2.47 
Uncultured Claroideoglomus partial 18S rRNA gene, isolate TR-2X1, 
VTX00057, clone IVXOC1002JVH6M 

LT716172 

Claroideoglomus sp. 3 2852 0.65 Uncultured Glomus isolate Glo58 clone F16AGMyc81 small subunit  EF041081   

Claroideoglomus lamellosum 3315 0.75 
Claroideoglomus lamellosum isolate 121A 18S ribosomal RNA gene, partial 
sequence 

KP144302 

Claroideoglomus claroideum 26 0.01 
Claroideoglomus claroideum isolate M_E 18S ribosomal RNA gene, partial 
sequence. 

KU136403   

Rhizophagus sp. 2564 0.58 
Uncultured Glomus partial 18S rRNA gene, isolate MDEA1 GG108, clone 
VTX00113. 

HG969533                  

Rhizophagus irregularis 4128 0.94 
Rhizophagus irregularis isolate D5_P1 18S ribosomal RNA gene, partial 
sequence. 

KU136420    

Rhizophagus intraradices 16 0 Glomus intraradices partial 18S rRNA gene, isolate BEG75, clone BEG75/1 FR717169   

Diversispora sp. 1187 0.27 
uncultured Diversispora partial 18S rRNA gene, isolate SLTSv13 VT306, clone 
JHQ0WPG01ER9Q1. 

 LT984207  

Diversispora epigaea 652 0.15 Diversispora epigaea 18S rRNA gene, isolate BEG47, clone pWD191_3_5 X86687 

Diversispora spurca 96 0.02 Diversispora spurca genomic DNA containing 18S rRNA gene, clone pKL1-2  FR686953   

Cetraspora pellucida 16 0 Scutellospora pellucida clone 3_6 18S ribosomal RNA gene, partial sequence JQ864352    

uncultured Glomeraceae 969 0.22 
uncultured Glomus partial 18S rRNA gene, isolate SLRBv21 VT115, clone 
JHQ0WPG02I0YOY 

LT983715 
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Abstract 

Background: Arbuscular mycorrhizal fungi (AMF) establish symbiotic interactions with the roots of 

vascular plants, including grapevines. Verifying AMF colonisation routinely requires establishing the 

presence of hyphae, arbuscules and vesicles. Clearing roots with potassium hydroxide (KOH) 

followed by staining with trypan blue has been used previously to visualise fungal structures, 

however visualisation is difficult with darkly pigmented roots, such as those of grapevines so 

additional steps are required to ensure clear visualisation.   

Methods: Three fixing and clearing processes were evaluated prior to staining with trypan blue: 1) 

fixing grapevine roots in 70% ethanol overnight; 2) clearing by heating the roots in either 2% or 10% 

KOH; and 3) clearing the roots in 3% hydrogen peroxide for 10 min. Roots were examined under a 

compound light microscope for the presence of AMF. 

Results: A combination of fixing grapevine roots in 70% ethanol overnight and clearing by 

autoclaving in 10% KOH produced the greatest enhancement in subsequent staining of grapevine 

roots with trypan blue overnight.  

Conclusions: The best method tested enabled the discrimination of septate endophytes in fresh 

roots of trap plants without the use of toxic chemical fixatives. 

Keywords: Pigmented roots, Trypan blue, Arbuscules, Ethanol, Potassium hydroxide, Microscope, 

AMF. 
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INTRODUCTION 

Arbuscular mycorrhizal symbiosis originated in the early Devonian period, approximately 400 million 

years ago. Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs that colonise the roots of their 

host plants and are unable to complete their life cycle without the carbon supply from their host 

(Bonfante & Genre 2010). In return, the fungi supply the plant with mineral nutrients, such as 

phosphorus and water so this mutualistic association is based on biotrophic exchanges between the 

plant and the fungi (Trouvelot et al. 2015). More than 80% of all land plant families have a symbiotic 

interaction with AMF, including grapevines.  

AMF are identified by the presence of tree-like branching hyphal structures (called arbuscules) 

found in the cortical cells of the host plant. Arbuscules form in root cells of the host then extraradical 

mycelia grow outside the roots to expand the zone in which water and nutrients can be acquired 

(Smith & Read 2008). Some AMF genera/species also produce vesicles that function as nutrient 

stores and as propagules (Goltapeh et al. 2008). These structures provide for a very intimate 

association between the mycorrhizal fungi living within the hosǘ ǇƭŀƴǘΩǎ Ǌƻƻǘ ŎŜƭƭǎΦ ¢ƘŜǊŜŦƻǊŜΣ Ǌƻƻǘǎ 

must be cleared of cellular contents, and the endophytic fungi stained prior to microscopic 

observation in order for the colonisation process and functionality of AMF symbiosis to be 

appropriately interpreted and understood.  

Staining not only produces reliable data on the level of root colonisation but also allows the 

presence of key AMF features (such as hyphae, vesicles and arbuscules) to be visualised (Brundrett 

2004). It is important that root material is processed in such a way that the defining fungal features 

can be easily viewed to enable the examination of these morphological characteristics (Vierheilig et 

al. 2005). Light microscopy with bright field is the most common microscopic technique used when 

studying AMF structures in roots (Hulse 2018). Over the years, scientists have experimented with 

several different chemical stains and fixation methods, each having advantages and disadvantages 

for discriminating AMF from the plant root material. Some studies used Sheaffer blue ink (Wilkes et 

al. 2019) or acid fuchsin (Diagne et al. 2011) were used for staining, however these stains proved 

not suitable for long storage and degrade with time (Vierheilig et al. 2005). Other studies, both 

chlorazol black E and trypan blue provided good contrast from plant cells, but they are known animal 

(and possible human) carcinogens, which poses unacceptable risks to research staff, and challenges 
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for safe disposal of the waste materials (Kumar et al. 2008; Martin et al. 2010). Trypan blue is 

commonly used for yeast cell viability assays (Liesche et al. 2015), for visualization of the fungi 

groups Colletotrichum (Bhadauria et al., 2010) and Glomeromycota (Kumar et al., 2008). These 

studies reported that trypan blue stained the cell walls of fungal cells but not of plant cells. Despite 

its carcinogenity, trypan blue is one of the most widely used stains due to its effectiveness in 

enabling the observation of mycorrhizal colonisation. Kobae & Ohtomo (2016) reported that 57% of 

relevant studies published in 2014ς2015 used trypan blue so it was used in in the current study also. 

The concentration of trypan blue has been reduced from 1% to 0.05% over recent years to limit its 

toxicity. Recently, Cottet et al. (2018) did a review on staining methods that used trypan blue as 

chemical stain and explained how optimising specific steps such fixation and clearing could affect 

the visibility of fungal structures in the roots.    

±ŀǊƛƻǳǎ ǇǊƻŎŜǎǎŜǎ όƪƴƻǿƴ ŀǎ ΨŎƭŜŀǊƛƴƎΩύ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ǊŜƳƻǾŜ ǘƘŜ cytoplasmic contents of 

plants cells to improve subsequent staining using trypan blue. Potassium hydroxide (KOH) has been 

widely used as a root-clearing method with various concentrations, temperatures and periods of 

time employed for different plant species. For example, Kobae & Ohtomo (2016) boiled soybean 

roots in 10% (w/v) KOH for 15 min, and other variations are detailed by Cottet et al. (2018). Fine and 

fibrous roots (i.e. clover and plantain roots) are easily cleared for excellent microscopic visualisation 

of the fungal and plant tissue. However, grapevines are hard woody plants and have thick and 

pigmented roots, which are very difficult to stain. Darkly pigmented roots require the inclusion of 

additional steps such as bleaching with hydrogen peroxide to enable the visualisation of AMF 

structures (Kormanik & McGraw 1982; Schreiner & Mihara 2009; Hashem et al. 2016; Padamsee et 

al. 2016; Vierheilig et al. 2005) and/or fixing by incubating  roots in 50% ethanol (Kobae & Ohtomo 

2016) or other fixatives (e.g. FAA) to reduce the damage from heat treatment, allowing trypan blue 

to have increased sensitivity towards intracellular fungal root components (Brundrett et al. 1996; 

Brundrett 2008; Wilkes et al. 2019).  

The aim of this study was to assess a range of existing techniques to develop a reliable method 

specifically for fixing, clearing and staining darkly pigmented grapevine roots to enable visualisation 

of AMF structures on grapevine roots 
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MATERIALS AND METHODS 

Plant materials 

Grapevine (Vitis spp.) root samples collected from vineyards in Canterbury and Marlborough, New 

Zealand were used to establish pot cultures for AMF recovery. From each vineyard, 10 root samples 

were randomly collected in January-February 2017. Each sample was kept in a plastic bag, stored in 

a chilly bin and transported to the lab. The roots (0.5 to 1 g) from each vine, were cut into 1-cm 

pieces and used to inoculate 1.5 L plastic pots containing 50% sterile silica sand, 40% pumice and 

10% low-phosphorus potting mixture (Peat moss, forest bark and fertilisers: osmocote 38-0-0, 

osmocote 0-0-32, horticultural lime, Micromax trace elements and hydraflo soil wetting agent). Each 

pot was sown with plantain (Plantago lanceolata) and white clover (Trifolium repens) seeds (0.1g 

each; previously surface-sterilised using 70% ethanol) along with a grapevine rootstock cutting. The 

plants were placed on mesh tables in a greenhouse to grow for 12 weeks during the summer of 2018 

before being dried for 2 weeks prior to the ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ǊƻƻǘΩǎ ƳȅŎƻǊǊƘƛȊŀƭ ŎƻƭƻƴƛǎŀǘƛƻƴΦ 

Plantain and white clover were included as bait plants were used as positive controls for the staining 

treatments as they are considered easy to stain (https://invam.wvu.edu). 

 

Fixing, clearing and staining of grapevine roots 

In autumn 2018, four replicate grapevine plants of from the pot cultures set up for each vineyard 

site were randomly selected for each staining treatment. Twelve treatments based on the protocols 

of Koske & Gemma (1989) and Brundrett (2008) were evaluated (as shown in Table 1) to confirm 

mycorrhizal colonisation. The collected roots were washed using tap water to remove debris and a 

small portion (~4 cm) of the roots placed in a Universal bottle.  

 

Fixing 

For those treatments that included a fixing step, roots were covered with 70% ethanol (~20 mL) as 

recommended by Fonseca et al. (2014) and Cottet et al. (2018) and left overnight at room 

temperature then decanted prior to clearing.  

 

Clearing 

https://invam.wvu.edu/
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Potassium hydroxide: roots for all the treatments were immersed in 20 mL aqueous potassium 

hydroxide (KOH) solution (either 2% or 10% w/v) and autoclaved in a pressure cooker (15 min, 

121°C; 15 p.s.i.). then the KOH was decanted. 

 

Hydrogen peroxide: some treatments included a second clearing step where the roots were treated 

with 3% hydrogen peroxide (H2O2) for 30 min at room temperature, rinsed thoroughly with 

deionised water (dH2O). 

 

All treatments were acidified in 2% (v/v) HCl (12M) for 30 min. 

 

Staining 

All previously treated roots were stained using trypan blue (0.05% w/v dissolved in a solution of 5% 

lactic acid, 50% glycerol and 45% water). Half the treatments involved autoclaving for 15 min in a 

pressure cooker and the other half were left overnight at room temperature (Table 1). Following 

staining, the roots were de-stained using lactoglycerol (1:1:1 lactic acid: glycerol: water) for long-

term storage at 4°C prior to microscopic observation.  

 

Fixing, clearing and staining of plantain and white clover  

The treatment used for plantain and white clover roots was a modification of the method outlined 

by Koske & Gemma (1989). Fixing involved storing 1 cm root pieces in 70% ethanol overnight then 

clearing by immersing in boiling 2% KOH for 10 min. The roots were then acidified in 2% (v/v) HCl 

for 15 min and then stained overnight in 0.05% trypan blue solution as described above. Finally, the 

roots were de-stained in lactoglycerol and stored for 24 h before microscopic observation. 

 

Microscopic observation 

Root fragments (3-cm long) from each species were placed on a microscope slide with a drop of 

lactoglycerol 24 h after de-staining. The roots were pressed gently onto the slide using a cover slip 

in order to flatten the roots to improve microscopic visualisation. The root fragments were then 

assessed by observing under a microscope (×400 magnification; 10X ocular/40X) to determine the 

efficiency of the clearing and staining treatments and assessed for the presence of visible AMF 



 
 
 
 
 

237 

structures (e.g. arbuscules, hyphae and vesicles). Observations were undertaken on triplicate 

samples. 

 

 

 

RESULTS 

Ten of the twelve methods tested resulted in stained grapevine roots that, when examined 

microscopically, demonstrated by the presence of various structures typical of AMF such as aseptate 

hyphae, arbuscules and vesicles (Figure 1). The results from treatments 1 and 3 (using either 2% or 

10% KOH followed by staining for 15 min in an autoclave) did not produce visible images so were 

not included in Figure 1. Staining overnight at room temperature caused the surrounding plant cells 

to be stained, and a range of different colours was observed which made it very difficult to 

distinguish between plant and fungal structures (Figure 1, treatments 2 and 4). Treatments 5ς8 that 

involved an additional step using 3% H2O2 were not efficient in clearing the roots. The use of 2% 

KOH did not result in sufficient clearing of the pigmented grapevine roots with root tissue also 

staining blue, resulting in little contrast and creating a poor image for visualisation of AMF structures 

(Figure 1, treatments 5 and 6). The use of 10% KOH instead of 2% improved the root clearing (Figure 

1, treatments 7 and 8). However, fixing the roots in 75% ethanol overnight prior to the start of the 

clearing and staining process greatly improved the clearing of the plant cell background and the 

AMF structures were more apparent and distinguishable from the plant tissue (Figure 1, treatments 

9ς12). Overnight staining (Figure 1, treatments 6, 8, 10 and 12) provided better results than staining 

by autoclaving for 15 min (Figure 1, treatments 5, 7, 9 and 11). Clear staining was observed for clover 

and plantain using the standard published method. Dark septate endophytes (DSE) were observed 

in plantain roots (Figure 1 a), but not in clover (Figure 1 b) or grapevine roots.  

 

DISCUSSION 

The clearest assessment of AMF colonisation in grapevine roots was from roots fixed in 70% ethanol 

overnight followed by clearing the roots by autoclaving in 10% potassium hydroxide for 15 min 

followed by staining with trypan blue overnight at room temperature. This method will be used for 

analysing AMF colonisation in future glasshouse and vineyard experiments with grapevines. This 

method had also been recently tested and shown to be effective for staining AMF colonising apple 
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roots (Merriam Toalak, pers. comm.). The standard method of Koske & Gemma (1989) was effective 

for observation of AMF colonisation of roots of herbaceous, fibrous plantain and white clover roots. 

As reported by Brundrett (2008), the process is strongly influenced by plant species and root 

thickness and different root types require different methods to enable the imaging of AMF features 

in the roots to be clearly seen.  

In this study, root clearing was carried out by autoclaving in presence of KOH (at two different 

concentrations) at 121°C (at 15 p.s.i.) since it has been reported to be faster and to provide a more 

consistent clearing of samples (Bevege 1968, Brundrett et al. 1984) than other methods such as 

incubation in hot water (80°C) or oven (60°C). It was also evident in the present work that treatment 

with 10% KOH at 121°C improved the clearing of the roots compared to the use of 2% KOH. This 

agreed with the observations of Brundrett (1984), Brundrett et al. (1996) and Oliveira et al. (2009). 

However, after staining in trypan blue, the AMF structures within the roots were not clear due to 

background staining, which was probably due to the presence of remaining plant cytoplasm and 

secondary metabolites (Vierheilig et al. 2005). Moreover, the trypan blue stain can bind to phenolic 

compounds such as melanins in plant cell walls as well as hyphal walls (Brundrett et al. 1984). AMF 

structures were clearer in roots when a 3% hydrogen peroxide bleaching step was added following 

10% KOH. However, bleaching with hydrogen peroxide did not remove the remaining melanin in 

cleared grapevine roots, similar to reports by Oliveira et al. (2009). Higher concentrations of H2O2 

may have increased transparency but were not tested in the current study, as it has been reported 

by Vierheilig et al. (2005) to cause the disintegration of fungal hyphae in the tissue. In order to clear 

the background from any phenolic-like materials, the roots were immersed in 70% ethanol 

overnight for fixation prior to the clearing process as this has been reported to cause a partial 

decolourization that dehydrates the cells which allow a greater penetration of the KOH (Cottet et 

al. 2018). Incubating the roots in ethanol increased the subsequent penetration of the root tissue 

by potassium hydroxide and eliminated all unwanted background staining resulting in AMF 

structures being clearly visible to enable quantification. From the results of this study, staining the 

roots with a weak trypan blue solution (0.05%) overnight is recommended as it provided better 

results than 0.05% autoclaved while reducing toxicity.  

All roots from the three bait plants were efficiently colonised by AMF when assessed 

microscopically. Moreover, we found that most assessed plantain root samples were frequently 

colonised by DSE. This result suggested that plantain is a potential host plant for this endophyte. 
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Since the seeds of both plantain and white clover were surface sterilised, the source of DSE is likely 

to be the rhizosphere soil associated with the grapevine roots as the roots used for inoculation were 

washed but not sterilised. The absence of DSE colonisation in grapevine and white clover roots might 

have been affected by the phylogenetic features of the host plant which play an important role in 

colonisation (Sivakumar 2013; Liu 2017). Alternatively, the lack of DSE colonisation could be related 

to environmental stresses (Deram et al. 2011, Varma et al. 2017) which is likely in this study as plants 

were exposed to high temperature (above 30°C) during the summer growing period which caused 

stress and death of some vines. The co-occurrence of AMF and DSE has been reported before in 

many plant roots and it was suggested that both endophytes provide similar ecological services such 

as heavy metal stress mitigation and improving plant fitness and physiology (Wang et al. 2016; 

Gucwa-Przepióra et al. 2016; Likar & Regvar 2013). Whether DSEs are able to colonise grapevine 

roots under New Zealand vineyard conditions and warrant further study. 

 

CONCLUSIONS 

Arbuscular mycorrhizal fungi are beneficial fungi colonising most vascular plants. Imaging and 

assessing root tissues for visible AMF structures can be challenging when using dark pigmented 

roots of hard woody plants like grapevine. The inclusion of an initial fixative step involving the use 

of 70% ethanol followed by clearing by autoclaving in 10% potassium hydroxide improved clearing 

of these roots prior to staining overnight in trypan blue resulting in enhanced observations of AMF 

structures and improved visualisation capability without the use of toxic fixatives such as glacial 

acetic acid or formaldehyde.  
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