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Abstract 

Investigation of the microbiome structure and function in grapevines escaping 

trunk diseases 

by 

Damola Olabanji Adejoro 

Grapevine trunk diseases (GTD) represent a substantial challenge to viticulture in New Zealand 

and other winegrowing regions worldwide. With no approved fungicides for their eradication, 

alternative methods, such as biological control, are of significant interest. Key international 

studies have identified plants, called disease escape plants, that remain healthy under a high 

disease pressure, and this trait has been linked to microbiome function. In some New Zealand 

vineyards, such disease escape vines have been observed in backgrounds of heavy GTD 

pressure. This study aimed to investigate a microbiome approach to GTD management by 

surveying New Zealand vineyards for the occurrence of GTD escape vines and characterising 

the trunk microbiome of such vines. 

Based on preliminary assessments of nine vineyards across Hawke's Bay and Canterbury, New 

Zealand, a detailed visual survey was conducted in four vineyards, two each in Hawke's Bay 

and Canterbury. Candidate GTD escape vines were identified based on the absence of GTD 

symptoms, chlorophyll content of leaves, and high GTD pressure in the vineyard block. Woody 

trunk tissue samples were collected from these vines and the diseased vines nearby. The 

fungal and bacterial communities in the samples were characterised using a combination of 

DNA metabarcoding of the ribosomal internal transcribed spacer 1 (ITS1) and 16S ribosomal 

RNA gene and microbial isolations. 

The results showed that the status of the vine as either GTD escape or diseased was a strong 

determinant of the structure of the bacterial and fungal microbiomes of the grapevine trunk. 

For bacteria, the GTD escape vines consistently harboured Pseudomonas and Hymenobacter 

in higher relative abundance. Aureobasidium, Seimatosporium, Cladosporium, and 

Rhodotorula were fungal genera differentially associated with GTD escape vines. On the other 

hand, the GTD pathogen, Eutypa lata, was differentially associated with diseased vines. 
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Bacterial and fungal isolates matching the key taxa identified by DNA metabarcoding from 

GTD escape vines were retrieved and tested for inclusion in microbial consortia. Additional 

selection criteria for inclusion were the microorganism's functional properties, such as not 

being a known plant pathogen, not causing lesions on grapevine shoots, and exhibiting 

desirable inhibitory activities against E. lata and Neofusicoccum luteum in dual culture plate 

assays. Using these criteria, consortium members Aureobasidium pullulans, Seimatosporium 

vitis, and seven Pseudomonas isolates were selected. Combined and separate fungal and 

bacterial consortia were tested in plant assays against the GTD pathogens E. lata and N. 

luteum. Over 3 months, the bacteria successfully established and persisted within the 

grapevines, significantly altering the grapevines' microbiome structure. Treatment with 

combined bacterial and fungal consortia resulted in significantly shorter lesions (71% 

reduction, p = 0.002) than the pathogen controls. The relative abundance of E. lata was 

reduced by 85% in the presence of the bacteria-only consortium. 

This research enhanced knowledge of the grapevine trunk microbiome structure within the 

context of the GTD escape phenotype. In addition, it expanded the understanding of grapevine 

microbiome manipulation by developing and delivering microbial consortia into grapevines, 

which resulted in changes in the grapevine microbiome structure. These results highlight the 

potential of using selected microbial consortia as a promising strategy for controlling GTD 

pathogens in planta. Given the perennial nature of grapevines and the extended development 

periods associated with GTD, future research could investigate the potential long-term impact 

of grapevine microbiome manipulation on the protection of grapevines against GTD 

pathogens. 

Keywords: Aureobasidium pullulans, biocontrol, consortium, disease escape, DNA 

metabarcoding, endophytes, Eutypa lata, grapevine, grapevine trunk diseases, 

Hymenobacter, microbiome, microbiome manipulation, microbiota, Neofusicoccum luteum, 

Pseudomonas, Seimatosporium vitis, vineyards. 
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Chapter 1 

General Introduction 

1.1  A brief history of viticulture in New Zealand 

In New Zealand, most grapevines (Vitis vinifera) are grown for winemaking, although some are 

grown to produce table grapes. The science of growing these grapes, or viticulture, is a key 

aspect of the country's agricultural activities (Wassilieff, 2008). The origin of winegrowing in 

New Zealand can be traced back to the early period of colonisation and the arrival of European 

settlers in the 19th century when wine fortified with sugar and alcohol was produced on a 

small, subsistence scale by the immigrants (Hira & Benson-Rea, 2014).  

Although the first commercial vineyard was established in the Wairarapa region in the 1870s, 

the New Zealand viticulture industry only began to experience significant growth in the late 

20th century, with the planting of new vineyards in Marlborough, Hawke's Bay, Central Otago, 

and Canterbury (Norrie, 1990; Tipples, 2007; Hall et al., 2009; Davie, 2020). In the last five 

decades, the New Zealand wine industry has continued to expand, and now New Zealand is 

home to 744 wineries in more than ten winegrowing regions (New Zealand Winegrowers, 

2022). These wineries produce various high-quality wines that are exported to markets 

worldwide.  

1.2 The economic importance of the wine industry in New Zealand 

The New Zealand wine industry is important to the country's economy, with an estimated 

export value of NZ$1.9 billion (New Zealand Winegrowers, 2022). There has been a consistent 

annual increase in export value over the past decade, except for a drop in 2021, which could 

be linked to the impact of the COVID-19 global restrictions (Figure 1.1). The record export 

value for 2022 was gained from an estimated total productive vineyard area of 41,603 

hectares, an increase of over 5,700 hectares over the previous ten years (New Zealand 

Winegrowers, 2022). The three current leading producing regions, Marlborough (80%), 

Hawke's Bay (8%), and Gisborne (4%), represented 92% of the wine produced in New Zealand 

from a land area of 32,592 ha. Plantings have been projected to continue growing in the 
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coming years (New Zealand Winegrowers, 2018). Between 2000 and 2022, the number of 

wineries in New Zealand has more than doubled from 358 to 744 (New Zealand Winegrowers, 

2009, 2022). 

New Zealand winemakers produce and export white and red wines. Most of their production 

consists of white wines (89% of total exports), while red wines contribute to approximately 

10% of the exports. Others include a variety of blends of white and red wines, as well as 

sparkling and fortified wines. Among these wines, Sauvignon blanc dominates, accounting for 

86% of New Zealand wine exports (New Zealand Winegrowers, 2022). This wine has played a 

significant role in establishing the country's credibility within the global wine industry (Hall et 

al., 2009), and its high quality has been a factor in the growth of New Zealand's wine industry 

(Barker et al., 2001). 

 

 

Figure 1.1 Export values of New Zealand wine between 2012 and 2022 (New Zealand Winegrowers, 
2022). 

1.3 Grapevine trunk diseases 

Grapevine trunk diseases (GTD) affect the trunk and main branches of grapevines. The GTD 

have been identified as a major problem affecting wine production and vineyard longevity in 
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all winegrowing regions worldwide (Urbez-Torres et al., 2014). These diseases include Esca 

(not present in New Zealand) (Mundy & Manning, 2010), Petri disease, black foot disease, 

Botryosphaeria and Eutypa diebacks. They are caused by many fungi, such as Eutypa lata (and 

some other members of the Diatrypaceae family), Botryosphaeriaceae, Ilyonectria liriodendri, 

Dactylonectria macrodidyma, Phaeoacremonium, Phaeomoniella, Phomopsis viticola, and 

Fomitiporia mediterranea (Mundy et al., 2018; Probst et al., 2019; Marion et al., 2020). 

Eutypa, Esca, and Botryosphaeria diseases are usually associated with mature grapevines, 

while Petri disease and black foot disease are related to young vines. As vineyards age, they 

become increasingly susceptible to GTD, leading to poor health and reduced productivity 

(Gubler et al., 2005). According to Martelli (1997), more than 60 infectious agents have been 

described in grapevines, which are susceptible to 29 fungal diseases (Wilcox et al., 2015). 

Among these grapevine diseases, GTD are currently the most destructive worldwide, as there 

is no effective control for them (Fontaine et al., 2015). 

In New Zealand, the widely grown Sauvignon blanc cultivar is also one of the most susceptible 

to Eutypa and Botryosphaeria diebacks (Sosnowski et al., 2022). This high susceptibility has 

been linked to the cane pruning method, which leads to large wounds on the vines' crowns, 

making them more vulnerable to infection. In addition, there are reports that cultivars such 

as Sauvignon blanc with large xylem vessel diameters could be more susceptible to GTD 

(Pouzoulet et al., 2014; Pouzoulet et al., 2017b; Ramsing et al., 2021). The GTD are projected 

to become more prevalent in regions such as Marlborough due to the proportion of cane-

pruned Sauvignon blanc grapevines (Sosnowski & Mundy, 2019a). Due to their prevalence in 

New Zealand and their dangers to the New Zealand wine industry, Eutypa and Botryosphaeria 

diebacks were the focus in this thesis. 

1.3.1 Eutypa dieback 

Eutypa dieback can be caused by up to 24 fungal species in the family Diatrypaceae, the most 

virulent being E. lata, with over 80 potential plant hosts (Gubler et al., 2005; Gramaje et al., 

2018). Eutypa lata infects the grapevine through wounds, commonly created during pruning 

or mechanical damage from vineyard machinery. Its ascospores are released from the 

perithecia after rainfall, come into contact with wounds, and initiate infection (Rolshausen & 
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Gubler, 2005). According to Mundy et al. (2020), E. lata was the most prevalent GTD pathogen 

in grapevines grown within the Marlborough region. Similarly, the DNA metabarcoding study 

of Vanga et al. (2022) showed that E. lata had the second-highest relative abundance (after 

Phaeomoniella) among trunk disease pathogens identified within grapevines from 

Marlborough.  

Eutypa dieback produces foliar and wood symptoms. Foliar symptoms typically appear in 

spring in vines infected for at least four years (Mundy & Manning, 2010). Small, necrotic, and 

chlorotic leaves with tattered margins (Gubler et al., 2005; Gramaje et al., 2018) associated 

with Eutypa dieback are caused by phytotoxic metabolites produced by the pathogen 

(Rolshausen et al., 2008; Andolfi et al., 2011). The expression of the foliar symptoms varies 

from year to year due to climatic factors and can also be influenced by the grapevine cultivar 

(Sosnowski et al., 2007; Sosnowski et al., 2016). Wood symptoms caused by E. lata include the 

development of brown, wedge-shaped necrosis. This necrosis is visible as a stain in a cross-

sectional view of the cordon and trunk (Gramaje et al., 2018). The disease can cause vine death 

3 to 5 years after the first appearance of symptoms (Almeida, 2007).  

Control practices for Eutypa dieback are primarily based on preventing pruning wounds from 

being infected by Eutypa pathogens. These practices include vigilant monitoring by growers, 

avoiding pruning during and immediately after rainfall, protecting pruning wounds with 

wound paint or agrichemicals, and removing and incinerating dead vines from the vineyard 

(Pitt et al., 2010).  

1.3.2 Botryosphaeria dieback 

Currently, at least 26 taxa of Botryosphaeriaceae are known to be involved in Botryosphaeria 

dieback (Gramaje et al., 2018). Among the species of Botryosphaeriaceae, the most 

destructive are those with a broad host range (Slippers & Wingfield, 2007), such as 

Neofusicoccum parvum, one of the most common species in New Zealand (Baskarathevan et 

al., 2012).  

In a country-wide study (Baskarathevan et al., 2012), nine species of Botryosphaeriaceae (N. 

parvum, N. luteum, N. australe, N. ribis, Diplodia mutila, D. seriata, Botryosphaeria dothidea, 

Dothoriella iberica, and Do. sarmentorum) were identified as being associated with grapevines 
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in New Zealand. The authors reported N. parvum (34%) to be the most prevalent species of 

Botryosphaeriaceae in New Zealand vineyards, followed by D. mutila (18%) and D. seriata 

(16%). In addition to the nine species of Botryosphaeriaceae identified in the study by 

Baskarathevan et al. (2012), N. macroclavatum was reported from a New Zealand grapevine 

nursery (Billones et al., 2010).  

Like Eutypa dieback, pathogens associated with Botryosphaeria dieback infect the grapevine 

primarily through pruning wounds. Symptoms associated with Botryosphaeria dieback include 

cankers, dieback, bud necroses, wood rot, and vascular discolouration (van Niekerk et al., 

2006; Urbez-Torres, 2011). Although the wedge-shaped necrosis symptoms are similar in 

Eutypa and Botryosphaeria dieback, the diseases can be differentiated by the absence of 

characteristic foliar symptoms in  Botryosphaeria dieback (Urbez-Torres et al., 2012). 

Chemical control methods for Botryosphaeria dieback have been developed in many countries 

(van Niekerk et al., 2006). In vitro testing against New Zealand species of Botryosphaeriaceae 

showed that flusilazole, carbendazim, tebuconazole, thiophanate methyl, and mancozeb were 

the most effective fungicides, and these were able to protect vines against N. australe, N. 

luteum, and D. mutila infections (Amponsah et al., 2012a). Sosnowski and Mundy (2019b) 

demonstrated the efficiency of fungicides (tebuconazole, carbendazim, fluazinam, mancozeb, 

and flusilazole) applied via a tractor-driven sprayer for the simultaneous control of Eutypa and 

Botryosphaeria diebacks. 

1.3.3 Biocontrol of major grapevine trunk diseases 

The management of GTD poses a significant difficulty in viticulture partly due to the 

complexity of the interactions among the fungal pathogens. Different pathogens such as 

Phaeomoniella chlamydospora (Pch), E. lata, and some members of the Diaporthaceae and 

Botryopshaeriaceae families often coexist and collaborate in the development of GTD 

(Claverie et al., 2020; Perez-Gonzalez et al., 2022). This association with diverse pathogenic 

fungal consortia complicates the development of a singular, universally effective control 

strategy. Historically, sodium arsenite was an efficient fungicide for controlling GTD even 

when the disease was established in the trunk. However, it has been prohibited since 2003 

because of its harmful environmental and human health effects (Hughes et al., 2011). Due to 
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the increasing concerns about the side effects of chemical pesticides on both human health 

and the environment, researchers have intensified efforts to explore alternative control 

strategies for GTD, with a focus on biological control, or biocontrol, approaches. In this thesis, 

the definition of biocontrol as the use of microorganisms, such as bacteria and fungi, for 

managing and controlling plant diseases is adopted (Stenberg et al., 2021). Biological control 

agents (BCAs) present a sustainable, eco-friendly, and effective alternative to fungicides for 

managing grapevine diseases in vineyards and nurseries (Mondello et al., 2018b). 

Biocontrol of Eutypa dieback 

Biological control agents that can persist on pruning wounds are good candidates for 

controlling E. lata. For example, strains of Bacillus subtilis, Erwinia herbicola, Streptomyces sp., 

and Serratia plymuthica successfully prevented the growth of E. lata in grapevine wood for 

two weeks (Schmidt et al., 2001). However, some bacteria may need repeated applications to 

become established on pruning wounds (Brown et al., 2021). Trichoderma-based products 

have also been shown to reduce the incidence of E. lata and other GTD pathogens in vitro and 

on pruning wounds (Halleen et al., 2010; Kotze et al., 2011; Urbez-Torres et al., 2020; Blundell 

& Eskalen, 2022a). Aureobasidium pullulans is another promising candidate for the biocontrol 

of Eutypa dieback and has been shown to inhibit E. lata both in vitro and in planta in studies 

conducted in New Zealand (Tang, 2019). While biocontrol products based on A. pullulans are 

available in New Zealand to control plant pathogens, their ability to control GTD has not been 

reported (Kunz, 2004; de Jong et al., 2019). 

Biocontrol of Botryosphaeria dieback 

Biological control has also been attempted for Botryosphaeria dieback. For example, 

antifungal compounds produced by B. subtilis strain AG1 inhibited the grapevine pathogens 

Phaeoacremonium minimum (Pmi), Pch, Verticillium dahliae, and Botryosphaeria rhodina. 

Botryosphaeria rhodina was the most sensitive to the antifungal agent (Alfonzo et al., 2009). 

Bacillus subtilis strain PTA-271 was found to reduce the severity of Botryosphaeria dieback by 

priming the host plant's innate immune system. The in vitro study also showed that the strain 

of B. subtilis could antagonise N. parvum (Trotel-Aziz et al., 2019). Shafi (2016) found that the 

biocontrol product Serenade® (B. subtilis) effectively reduced N. parvum and N. luteum 

infections of grapevines when applied to wounds 14 days before the vines were challenged 
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with the pathogens. However, it was less effective when applied 0 and 7 days before the 

pathogen challenge. A recent study by Niem et al. (2020) explored the potential use of 

Pseudomonas poae, a bacterial endophyte found in grapevines, as a BCA and demonstrated 

that it could inhibit the mycelial growth of several plant pathogens, including those causing 

Botryosphaeria dieback, Eutypa dieback, Esca, and Petri disease.  

Apart from bacteria, fungi such as Trichoderma, Clonostachys, and Aureobasidium have also 

been assessed as potential BCAs against Botryosphaeria dieback pathogens. For example, in a 

recent study, isolates of Trichoderma were tested in dual culture assays to evaluate their 

ability to inhibit the growth of D. seriata and N. parvum, and many of these inhibited the 

pathogenǎΩ ƎǊƻǿǘƘ by up to 75% (Pollard-Flamand et al., 2022). Urbez-Torres et al. (2020) also 

demonstrated that Trichoderma species could protect pruning wounds against D. seriata and 

N. parvum for up to 3 weeks after treatment. In a similar work, Blundell and Eskalen (2022b) 

reported that T. asperellum and T. gamsii provided up to 100% disease control against N. 

parvum in greenhouse and field trials. Silva-Valderrama et al. (2021) showed that 

Clonostachys rosea had 100% growth inhibition of D. seriata and N. parvum. A strain of A. 

pullulans isolated from grapevine leaves reduced the mycelial growth of D. seriata in vitro 

through competition for space and nutrients and the production of siderophores. 

Furthermore, the strain induced plant defence response in grapevine canes one week after 

infection by D. seriata (Pinto et al., 2018).  

These candidate BCAs exhibited varying levels of success in inhibiting the growth of GTD 

pathogen, protecting pruning wounds, and providing disease control under different 

experimental settings. However, further research is required to optimise their effectiveness 

and explore their practical applications in managing Eutypa and Botryosphaeria diebacks. 

Some of the studies highlighted above, and many more in the literature, have evaluated 

microorganisms isolated from grapevines, other plants or the environment as candidate BCAs 

against GTD pathogens (Mondello et al., 2018b). However, autochthonous microorganisms, 

having already adapted to the plant environment, are expected to establish themselves more 

effectively under field conditions than allochthonous microorganisms when applied as BCAs 

(Pollard-Flamand et al., 2022). For this reason, this study explored the grapevine microbiota 

to find potential beneficial microorganisms to control GTD. 
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1.4 The disease escape concept 

The classical method of obtaining new BCAs for plant protection involves screening 

microorganisms obtained from the rhizosphere, soil, or plant endosphere and testing the 

isolates against the selected plant pathogen using various in vitro assays. One of the best 

strategies to increase the likelihood of discovering an effective BCA is to screen 

microorganisms associated with plants that remain healthy in highly infested areas (Pliego et 

al., 2011). In New Zealand, anecdotal evidence from growers and GTD mapping data from 

vineyards in Hawke's Bay and Marlborough (Dion Mundy, personal communication 2019) have 

identified grapevines that remain apparently healthy in an otherwise heavily infested vineyard 

block. A key international research group examining grapevines termed those plants that 

remain asymptomatic under high disease pressure disease escape grapevines (Deyett et al., 

2017). 

It is essential to distinguish between a healthy plant and a plant that exhibits disease escape. 

Within the context of this thesis, a healthy grapevine is defined as one that does not show 

symptoms of GTD. This definition is adopted despite ongoing debates on the definition of a 

healthy plant (Döring et al., 2012). The ability to remain healthy under high GTD pressure is 

the defining feature of a GTD escape vine. Therefore, although disease escape vines are also 

healthy, the term 'GTD escape' is reserved for those grapevines that maintain their healthy 

status under heavy pressure from GTD. 

In vineyard blocks delineated by cultivars, healthy and diseased grapevines share the same 

genotype, habitat, and management practices within such blocks. This implies that additional 

factors beyond these shared properties could influence any noticeable difference in the 

disease response of the vines. Given the complex nature of disease development in plants, it 

is plausible that the necessary conditions for infection have not yet happened, and hence, the 

apparently healthy grapevines have not experienced an infection event. It is also possible that 

apparently healthy grapevines could have been infected with GTD pathogens. However, the 

disease may not be expressed due to the latent nature of some of these pathogens (Hrycan et 

al., 2020).  
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There is increasing evidence that the disease escape phenotype may be attributed to the 

presence of unique biological characteristics in individual vines, such as a distinct microbiota, 

that enable them to resist diseases (Araújo et al., 2002; Deyett et al., 2017). If the disease 

escape phenotype is driven by some members of the plant's microbiota, they could potentially 

promote the plant's health by inducing the plants' systemic resistance, competing with 

pathogens for space and nutrients, promoting plant growth, and directly inhibiting pathogen 

growth by producing antimicrobial compounds (Araújo et al., 2002; Wang et al., 2017; Zeng et 

al., 2022). Building on this premise, the thesis focused on investigating whether the microbiota 

contributes to the expression of the GTD escape phenotype. 

1.5 The plant microbiome 

The microbiome of plants includes all the microorganisms, and their genetic materials, 

associated with the plant. These microorganisms include bacteria, archaea, and microbial 

eukaryotes, and can have beneficial and detrimental effects on plant health (Newton et al., 

2010; Berg et al., 2020). It is now widely recognised within the scientific community that plants 

should be considered not as isolated biological entities, but rather as a complex and dynamic 

eukaryotic organism in close association with its microbial symbionts, collectively known as 

the 'holobiont' (Bordenstein & Theis, 2015; Vandenkoornhuyse et al., 2015). Like all plants, 

grapevines also harbour a distinct community of microorganisms in various parts of the vine, 

such as leaves, inflorescences, berries, bark, inner trunk, sap, and roots (Baldan et al., 2014; 

Pinto et al., 2014; Andreolli et al., 2016; Deyett et al., 2017; Kernaghan et al., 2017; 

Jayawardena et al., 2018; Deyett & Rolshausen, 2019; Kraus et al., 2019). In the last decade, 

the study of the plant microbiome has gained significant attention due to its influence on plant 

growth and health (Berg et al., 2017).  

1.5.1 The grapevine core microbiome 

The 'core microbiome' of a plant species refers to the group of microorganisms found in a high 

proportion of samples across different populations of that species (Vandenkoornhuyse et al., 

2015). The core microbiome can also be defined for a population of the plant. These are the 

microorganisms found in a high proportion of samples within a specific population, such as a 

vineyard or region (Deyett & Rolshausen, 2020; Osman et al., 2020; Liu & Howell, 2021; Dale 

& Newman, 2022; Schmitz et al., 2022). The shared microbial taxa are thought to be the most 
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critical for maintaining the plant's ecological and functional balance under the conditions 

studied (Neu et al., 2021). 

Many studies on the plant microbiome have featured the model plant, Arabidopsis thaliana 

and its core microbiome was identified in seminal research works (Bulgarelli et al., 2012; 

Lundberg et al., 2012). According to Lundberg et al. (2012), the bacterial taxa Actinobacteria, 

Proteobacteria, and Firmicutes were the most abundant in the plant endosphere. Recent 

studies have identified key microbial taxa associated with grapevines. The bacteria usually 

associated with the aboveground grapevine parts are Pseudomonas and Sphingomonas, while 

Methylobacterium spp. are found in leaves and grapes (Figure 1.2). Additionally, the members 

of the phyla Actinobacteria, Bacteroidetes, and Proteobacteria are abundant in the roots of 

grapevines (Zarraonaindia et al., 2015). In an investigation into the effects of soil and pest 

management on the microbiota of grapevine, Campisano et al. (2014) showed that the 

bacterial genera Ralstonia, Burkholderia, and Pseudomonas were found in all grapevine shoots 

sampled. In related research, Zarraonaindia et al. (2015) reported Bradyrhizobium, 

Steroidobacter, and Acidobacteria in 75% of all samples from bulk soil, root zone soil, roots, 

flowers, leaves, and berries of grapevines. This indicates they are likely core members of the 

grapevine microbiome. In a cool-climate vineyard, grapevine root samples contained 

Agrobacterium, Paenibacillus, and Pantoea, but these bacteria were not found in the soil 

samples (Wright et al., 2022). Furthermore, Deyett and Rolshausen (2020) identified six 

bacterial genera (Rhizobium, Bacillus, Novosphingobium, Steroidobacter, Pseudomonas, and 

Streptomyces) as part of the grapevine trunk core microbiome. The bacterial communities of 

grapevines are similar to those found in other plants in that they are predominantly composed 

of Proteobacteria, followed by smaller percentages of Actinobacteria and Bacteroidetes 

(Bulgarelli et al., 2013; Turner et al., 2013; Compant et al., 2019). The Proteobacteria phylum 

is more commonly associated with grapevines than any other bacterial phyla  (Deyett et al., 

2017; Lòpez-Fernàndez et al., 2017; Niem et al., 2020). 

Kecskeméti et al. (2016), using DNA pyrosequencing, revealed that four fungal species 

(Botrytis cinerea, Cladosporium spp., Aureobasidium pullulans, and Alternaria alternata) are 

primarily associated with grape berries. Like other plant microbiomes, a significant proportion 

of the fungal community of grapevine belongs to the Ascomycota, with over 80% relative 
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abundance in many grapevine microbiome studies (Deyett et al., 2017; Dissanayake et al., 

2018; Niem et al., 2020; Vanga et al., 2022). The Basidiomycota and Zygomycota phyla are 

also represented (Pinto et al., 2014; Kecskeméti et al., 2016; Deyett et al., 2017; Dissanayake 

et al., 2018; del Pilar Martínez-Diz et al., 2019). The core fungal microbiome of the grapevine 

rootstocks 110 R and 41 B was made up of Cadophora, Cladosporium, Penicillium, Alternaria, 

Eucasphaeria, Paraphoma, Fusarium, Acremonium, and Aureobasidium (Gramaje et al., 2022), 

while Deyett and Rolshausen (2020) identified Cladosporium and Mycosphaerella as core 

fungal members of the grapevine trunk microbiome. 

 

Figure 1.2 Microbial genera that are usually associated with different grapevine parts. Fungal and 
bacterial genera are in black and blue, respectively (the list of genera is not exhaustive). The figure was 
created with BioRender.com. 

1.5.2 Studying the grapevine microbiome 

The traditional method for identifying microorganisms from samples involved isolation and 

growth in pure culture. Isolates are then identified using morphological, biochemical, 

serological, and molecular characteristics. However, culture-based approaches are relatively 

slow, fast-growing microorganisms can mask the presence of slow-growing ones (Mundy et 



 
 
 
 
 

12 

al., 2018), and false negative results may be obtained when saprophytes or commensals 

overgrow target pathogens (Pouzoulet et al., 2017a). Furthermore, culture-based techniques 

may miss much of the microbial diversity in an environment (Lloyd et al., 2018; Lewis et al., 

2021). For example, the investigation of the root, bark, inflorescence, and leaves of grapevines 

by culturing and culture-independent analysis by Jayawardena et al. (2018) showed that there 

was little overlap in the fungal taxa obtained using both approaches. In the study, culturing 

frequently yielded fast-growing fungi, while such fungi were not detected in the culture-

independent approach. Similarly, fungal pathogens were more commonly detected through 

culturing than saprophytes, which were predominantly identified through culture-

independent techniques. 

Techniques based on high-throughput sequencing, such as DNA metabarcoding (Morgan et 

al., 2017), have revolutionised the study of the plant microbiome (Beattie, 2015). The DNA 

metabarcoding technique identifies taxa within a sample by targeting specific DNA sequence 

barcodes suitable for the group of organisms to be studied (Zepeda Mendoza et al., 2015). An 

ideal metabarcoding marker is expected to assign most organisms to an acceptable taxonomic 

level, such as species, genus, or family (Riaz et al., 2011). The DNA metabarcoding technique 

is effective for exploring plant endophytic communities because it allows the simultaneous 

detection of multiple taxa, including culturable and non-culturable organisms. For the 

taxonomic assignment of DNA metabarcoding sequence reads, the sequences are typically 

compared to those in curated databases such as UNITE (Nilsson et al., 2019b) for fungal 

internal transcribed spacer (ITS) and SILVA (Quast et al., 2012), Greengenes (McDonald et al., 

2012) and the Ribosomal Database Project (Cole et al., 2013), for 16S ribosomal RNA (rRNA) 

gene sequences.  

However, culture-independent techniques also have some drawbacks. For example, primer 

design, Polymerase Chain Reaction (PCR) profiles, and software used for taxonomic 

assignments can introduce a bias in the analysis of microbial communities, leading to an 

incomplete or skewed understanding of the microbial community (Turner et al., 2013; 

Pappalardo et al., 2021). In addition, it may be difficult or impossible to reach species-level 

taxonomic resolution with DNA metabarcoding (Liu et al., 2021b). This is primarily because 

the primers commonly used for DNA metabarcoding target the 16S and ITS regions of fungi, 
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respectively, and these regions often lack the specificity required for species-level resolution 

(Bulman et al., 2018). Usually, bacteria can only be identified to the genus level due to the 

high similarity between the 16S rRNA gene of closely related species (Yarza et al., 2014; Gupta 

et al., 2019). Due to the limitations and advantages of culture-based and culture-independent 

methods, an integrated approach is recommended for studying the grapevine microbiome.  

Target genes for DNA metabarcoding in grapevines 

The PCR amplification of the 16S rRNA gene is usually used for the study of bacterial 

communities of grapevines (Compant et al., 2011; Klindworth et al., 2013; Alvarez-Perez et al., 

2017; Marasco et al., 2018). Due to its ubiquity and evolutionary conservation, sequencing 

variable regions of the 16S rRNA gene is a reliable tool for the taxonomic identification of 

bacteria (Case et al., 2007; Turner et al., 2013). However, the methods used to extract 

microbial DNA from grapevine tissues also extract plant DNA. The PCR primers for the bacterial 

16S rRNA gene can co-amplify mitochondrial 18S and chloroplast 16S rRNA gene sequences 

(Ghyselinck et al., 2013). Therefore, primer selection can be challenging because it is vital to 

minimise the amplification of non-target plant DNA sequences (Beckers et al., 2016). For 

example, the primer pair 799F/1193R (Chelius & Triplett, 2001; Bodenhausen et al., 2013), 

which targets the V5 ς V7 variable regions, possesses a lower level of co-amplification of 

chloroplast and mitochondrial 16S rRNA genes (Thijs et al., 2017; Wang et al., 2018). Many 

studies investigating the grapevine bacterial microbiome (Zhang et al., 2019; Zhang et al., 

2020; Bao et al., 2022) and other plants (Li et al., 2023; Xiao et al., 2023) have used this primer 

pair. 

The hypervariable ITS region is the most frequently used marker in metabarcoding studies for 

fungal community characterisation (Blaalid et al., 2013). The Fungal Barcoding Consortium and 

the Consortium for the Barcode of Life (CBOL) have accepted the ITS region as the universal 

DNA barcode for fungi (Schoch et al., 2012; Nilsson et al., 2019a). However, ITS sequences 

may not have enough variation in some fungi, such as Aspergillus (Chen et al., 2017), 

Trichoderma (Cai & Druzhinina, 2021), Fusarium όhΩ5ƻƴƴŜƭƭ et al., 2022),  Cladosporium 

(Becchimanzi et al., 2021), and genera within the Botryosphaeriaceae family (Dissanayake et 

al., 2016) to allow species-level resolution. The ITS1 or full ITS2 subregions are usually targeted 

by plant DNA metabarcoding studies, with primers that selectively amplify fungal DNA over 



 
 
 
 
 

14 

plant DNA (Nilsson et al., 2019a). Some of the primer pairs that have been used for fungal DNA 

metabarcoding include ITS1F and ITS2 (White et al., 1990; Gardes & Bruns, 1993), NSI1 and 

58A2R (Martin & Rygiewicz, 2005), and ITS1catta and ITS2ngs (Tedersoo et al., 2018; Tedersoo 

& Anslan, 2019). 

1.5.3 Factors influencing the grapevine microbiome 

Several factors, such as age (Andreolli et al., 2016; Bruez et al., 2016), cultivar (Bekris et al., 

2021; Vanga et al., 2022), and rootstock of grapevines (Dries et al., 2021; Moukarzel et al., 

2021; Gramaje et al., 2022), can significantly shape the grapevine microbiome. Furthermore, 

the grapevine's environment can impact the type and abundance of microorganisms in the 

plant's microbiome. The environment includes the physical location of the vineyard, as well as 

the biotic and abiotic factors, including temperature, humidity, soil type, and pH. Studies have 

shown that the soil is the major microbial reservoir for the grapevine microbiome, with around 

60% of bacterial genera shared between the grapevine and its soil (Zarraonaindia et al., 2015; 

Mezzasalma et al., 2018). In addition, other abiotic factors, such as drought and climate, can 

also shape the grapevine microbiome. Carbone et al. (2021) reported a major shift in the 

microbiome of the grapevine rhizosphere, root endosphere, and bulk soil under drought 

conditions. A recent study in southern Australia found that weather factors like solar radiation 

and temperature can significantly impact the fungal communities present in the soil and grape 

must and consequently affect the quality of the wine produced in the vineyards (Liu et al., 

2020a). A similar work by Niem et al. (2020) showed that the diversity of fungi and bacteria in 

two vineyards in New South Wales, Australia, was significantly different and influenced by the 

location of the vineyards. In the study, there was a wide difference in the relative abundance 

of fungi such as Phaeoacremonium and Sclerostagonospora and bacteria such as Roseococcus 

and Chitinophaga in asymptomatic grapevines from the two vineyards. Another work by 

Bekris et al. (2021) revealed that the vineyard's grapevine cultivar/biogeography (as a 

combined factor) was the most significant factor influencing the fungal microbiome in 

grapevine wood. The findings were supported by Papadopoulou et al. (2022), who also found 

a significant impact of biogeography on the composition and diversity of epiphytic fungal and 

bacterial communities on grapevines from four Greek regions. Their results demonstrated that 

fungal genera such as Aureobasidium, Pyronema, and Ustilago were associated with one 
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region, Cladosporium and Devriesia with another, while Pseudopithomyces and Curvularia 

were associated with a third region. Lastly, Ganoderma was found to have a significant 

correlation with the fourth region. These findings indicate that the vineyard's location can 

significantly impact the fungal and bacterial communities in and on grapevines.  

The structure of the grapevine microbiome can also be influenced by vineyard management 

practices, such as pruning systems, pesticide use, fertilisers, and irrigation methods 

(Campisano et al., 2014; Travadon et al., 2016; Jayawardena et al., 2018). Furthermore, the 

structure can be significantly shaped by disease and the type of plants growing around the 

vineyard (Bruez et al., 2015; Del Frari et al., 2019c). In their study on the microbiome of 

grapevine sap, Deyett and Rolshausen (2019) explored healthy or mildly symptomatic 

grapevines, as well as grapevines exhibiting intermediate or severe symptoms of Pierce's 

disease (PD), discovering that the severity of PD strongly impacted the bacterial community 

structure of the grapevine sap. In mature grapevine wood of the Xinomavro cultivar, Bekris et 

al. (2021) demonstrated that GTD symptoms influenced the structure of the grapevine fungal 

microbiome. Therefore, in this current study, an understanding of the influence of disease and 

other key factors that shape the grapevine microbiome is crucial for developing strategies for 

exploring and modifying the grapevine microbiome for improved grapevine health.  

1.5.4 Manipulating the plant microbiome 

There is convincing evidence that a plant's microbiome can influence its physiology and health 

(Compant et al., 2019; Trivedi et al., 2020). As the understanding of the role these 

microbiomes play in plant health continues to grow, research efforts are increasingly being 

focused on the manipulation of the microbiome. The primary goal of microbiome 

manipulation is to either modify what exists or design a synthetic beneficial microbiome that 

can establish successfully in the plant and persist for an extended period. The overall 

expectation is that this will improve the plant's growth and health (Foo et al., 2017). 

Studies have shown that, compared to other microbial habitats like soil and water, plants have 

more cultivable microorganisms, especially bacteria (Bai et al., 2015). This has made it easier 

to utilise plant microbiota in biocontrol studies. However, challenges may arise when some 

desirable microorganisms are difficult to isolate. The potential impact of this problem has 
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been alleviated by the study of Oberhardt et al. (2015), which provided a tool that can be used 

to predict the appropriate culture media for a bacterium based on its 16S rRNA sequence. 

Similarly, Lugli et al. (2019) used a combination of metagenome shotgun sequencing and 

cultivation methods to isolate novel bifidobacteria. In silico analysis of the metagenomics data 

was used to explore the genetic makeup of the potential new species and identify specific 

substrates required for their growth. The predicted substrates were then included in the 

growth media, resulting in the successful isolation of two new species of Bifidobacterium. The 

culture collections obtained through isolation can be used to inoculate a gnotobiotic plant 

(Lebeis et al., 2012) or one with an impoverished microbiota with a vacant niche for microbial 

colonisation, as is the case in this current study. 

Synthetic microbial communities 

According to Foo et al. (2017), one way to manipulate a plant's microbiome is the design of 

synthetic microbial communities (SynCom). Synthetic microbial communities are deliberately 

constructed mixes of microorganisms that are designed to mimic the diverse communities of 

microorganisms found in natural plant microbiomes but with reduced complexity to make 

them easier to study and manipulate (de Souza et al., 2020; Trivedi et al., 2021). The term 

'SynCom' is often used interchangeably with terms such as 'microbial consortium', 'microbial 

mix', 'synthetic microbiome', 'microbial blends', and 'microbial cocktail' in academic literature 

(Del Frari & Ferreira, 2021; Marín et al., 2021). For consistency, the phrase 'microbial 

consortia' will be adopted throughout this thesis to encompass all such forms of deliberate 

design of microbial communities, even when the original studies cited may have used different 

terms. Using microbial consortia, researchers can study the interactions between plants and 

their microbiomes in a controlled, systematic, and reproducible way and identify the specific 

roles of different microorganisms in plants. This can aid the establishment of relationships 

between genotypes and phenotypes (Vorholt et al., 2017). In addition, because of the 

potential complementary functional roles of the members of a microbial consortium, they can 

be better tailored to perform specific functions that may be difficult or impossible with a single 

microorganism (de Souza et al., 2020; Pozo et al., 2021; Spragge et al., 2023).  

Microbial consortia can be designed with different numbers of microorganisms. For instance, 

Santhanam et al. (2015) evaluated the effects of bacteria present on the roots of Nicotiana 
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attenuata on the incidence of sudden wilt disease (caused by Fusarium oxysporum and 

Ralstonia solanacearum) by enriching the plant seeds with a consortium of five bacterial 

isolates obtained from field-grown plants. Their results showed that treatment with this 

bacterial consortium reduced disease incidence and plant mortality more effectively than the 

conventional fungicides used in the study. Interestingly, when the effects of the individual 

bacterium in the consortium were tested, it was revealed that two of the five bacteria could 

not reduce disease incidence and plant mortality on their own. Although the combination of 

the three other bacteria tested by Santhanam et al. (2015) reduced disease, the disease 

reduction was not as effective as when the five bacteria were present, suggesting they 

engaged in synergistic relationships with other community members to benefit the host plant.  

Microbial consortia can be created using culture-independent methods for a broad overview 

of the natural microbial community and culture-dependent techniques to obtain live 

microorganisms. These microbial consortia can then be introduced into a plant with a vacant 

niche, for example, a gnotobiotic plant/axenically propagated plant. This approach was used 

by Bai et al. (2015) in their study on Arabidopsis thaliana's microbiome, with a bacterial 

consortium containing more than 100 bacteria. The authors reported that the bacteria 

inoculated into A. thaliana formed communities that resembled the natural microbiota 

present in the host organs. Similarly, Lebeis et al. (2015) utilised a 38-member bacterial 

consortium obtained from the roots of A. thaliana to study the influence of salicylic acid on 

the colonisation of roots by microorganisms. Their study showed that bacterial consortium 

isolated from roots could colonise sterile roots.  

There is no consensus on how high the number of strains in a microbial consortium should be. 

According to a review of microbial consortium articles published between 2015 and 2020, the 

median size of a microbial consortium was 13.5 (Marín et al., 2021). An analysis of 63 microbial 

consortia in plants from 33 articles published between 2021 and 2023 revealed a range of 2 ς 

224 microorganisms per community, with a median size of 8 microorganisms per community 

(Figure 1.3; Appendix A.1). Most of the large microbial consortia were constructed using 

microorganisms from the At-SPHERE culture collection created by Bai et al. (2015). In addition, 

most (60%) of the microbial consortia were made up of bacteria only. 
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Figure 1.3 The common sizes of microbial consortia reported in publications on microbial consortium 
between 2021 and 2023.  Each dot is a microbial consortium from an article; the box represents the 
interquartile range which contains the middle 50% of the data, while the horizontal line inside the box 
is the median (8). 

Inoculation of microbial consortia 

Several methods are available to modify a plant's microbiome or to design the microbiome of 

a gnotobiotic plant with a microbial consortium via inoculating different plant compartments 

such as soil, rhizosphere, seeds, stems, leaves, and flowers (Orozco-Mosqueda et al., 2018). 

Commercial grapevines are propagated using several techniques, such as in vitro propagation, 

softwood cuttings, and field grafting of rooted rootstock cuttings, but the most common 

method in commercial nurseries is bench grafting (Waite et al., 2015). Many successful 

inoculations with microbial consortia in plants have been done on seeds (Armanhi et al., 2021; 

Zhuang et al., 2021; Kaur et al., 2022). However, grapevines are rarely propagated in 

commercial settings using seeds because seed propagation does not ensure the genetic 

fidelity of the resulting plants to the parent plant. Because of this, the opportunities for early-

stage inoculation of microbial consortia, which can be more effective, are limited. Therefore, 

the method to infiltrate a plant must depend on its physiology, the intended final niche for 

the microbial consortium, the targeted plant part, and the experimental and commercial 

feasibility of the inoculum delivery system. Some inoculation methods attempted in 

grapevines are soil drenching, wound inoculation, and vacuum infiltration. 
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Soil drenching 

The efficacy of the soil drenching method on the establishment of endophytic bacteria in 

grapevine canes was evaluated by Wicaksono et al. (2017). By using spontaneous antibiotic 

mutants and repetitive intergenic consensus PCR, the study demonstrated that bacteria 

inoculated by this method failed to colonise the grapevine cane. In contrast, the bacterial 

strain Burkholderia phytofirmans PsJN inoculated through soil drenching effectively colonised 

the grapevine endosphere (Compant et al., 2008). Similarly, Stempien et al. (2020) grew 

grapevine canes in perlite (a semi-sterile environment without natural soil communities) and 

demonstrated that, when the perlite was drenched by the inoculum of two isolates of 

Trichoderma atroviride, the grapevine defence system was activated and rootstock cultivars 

110R, US 8ς7, and 1103P were colonised by the fungi. Confirmation of colonisation in the 

grapevine canes was made through an Agrobacterium-mediated transformation of each 

isolate of T. atroviride with a fluorescent protein, followed by reisolations and visualisation 

with epifluorescence microscopy. 

Wound inoculation 

Wicaksono et al. (2017) used the wound inoculation method to introduce two isolates of 

Pseudomonas into grapevines to control GTD. The isolates survived and persisted in the vine, 

inhibited the growth of the GTD fungi, and reduced GTD severity. A similar method was used 

by Del Frari et al. (2019c) to inoculate a 4-member fungal consortium and Phaeomoniella 

chlamydospora (Pch) into grapevine canes. The results of their metabarcoding analysis 

showed that only one of the inoculated fungi had poor or failed colonisation. Recently, Peil et 

al. (2020) explored the delivery of the spores of a mycoparasitic strain of T. reesei into 

grapevine trunks using direct trunk injection. These spores were encapsulated in a 

biodegradable lignin shell released when GTD pathogens, Pch and Pmi, produce lignin-

degrading enzymes. Once released, the spores germinate and antagonise the pathogens. This 

strengthens the grapevine against future infections. Wound inoculations have mainly been 

used on young grapevine canes, while trunk injections have been used in canes and mature 

grapevine trunks. Trunk injections aim to deliver the BCAs into the vascular system of a mature 

grapevine where GTD pathogens reside (Mondello et al., 2018a). 
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Vacuum inoculation 

A vacuum infiltration method was used by Rolshausen et al. (2011) to get spores of beneficial 

fungi into grapevine canes. In additional research, bacteria introduced through vacuum 

infiltration more effectively combat pathogens in the grapevine's vascular system than the soil 

drenching method (Rolshausen et al., 2018). Microorganisms inoculated using this method 

have a higher chance of being distributed through the entire length of the grapevine cane, 

more than the soil drenching or wound inoculation methods. In this method, a grapevine cane 

is placed in a beaker containing a microbial suspension, and a tube is connected from the cane 

to a vacuum apparatus. The vacuum pump then generates pressure to force the 

microorganisms through the cane. The pressure (~8 kPa) used during vacuum infiltration is 

safe for bacteria and fungi (Ludwig, 2012). In this study, the vacuum infiltration method was 

deemed the most suitable for the inoculation of microorganisms due to several factors. Firstly, 

it is simple to operate and does not create additional openings in the plant. Secondly, 

grapevine canes were experimental plants instead of mature grapevine trunks. Thirdly, 

microorganisms are more likely to colonise the entire cane using this method. Finally, the 

vacuum infiltration method allows the introduction of candidate beneficial microorganisms in 

the same niche as the GTD pathogens. 

Monitoring establishment and persistence of introduced microbial consortia 

In order to evaluate the functions of a microbial consortium, it is essential to monitor their 

presence, establishment, and persistence in the plant. However, it can be challenging to 

accurately determine the persistence of a consortium due to the microbial complexity of the 

environments in which the microbial consortium is introduced (Sessitsch et al., 2019; Liu et 

al., 2022a). The use of fluorescent labels (Zhang et al., 2022) and the generation of antibiotic 

mutants (Wicaksono et al., 2017) have been used to track microorganisms introduced into 

plants. However, the natural autofluorescence of plant molecules, such as chlorophyll and 

lignin, can mask the fluorescent tag and make it challenging to distinguish tagged cells from 

the plant's background fluorescens (Donaldson, 2020). Using antibiotic mutants to generate a 

microbial consortium would be time-consuming as it would require culturing, reisolation, and 

re-identification of the members of the consortium. 
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Recently, researchers have used the inherent consistency of the amplicon sequence variant 

(ASV) across studies and datasets (Callahan et al., 2017) to track the presence and persistence 

of introduced microbial consortia. In one example of this approach, Schmitz et al. (2022) 

investigated the influence of a 5-member bacterial consortium on the salt tolerance of 

tomatoes. To assess the persistence of the consortium, the researchers employed 16S rRNA 

gene sequencing of the V4 region on samples collected from various parts of the tomato plant, 

including the bulk soil, rhizosphere, and endosphere. They also sequenced the genomes of 

individual bacteria within the consortium. They extracted their V4 subregions, which were 

then compared to the ASVs obtained in the study. In a similar approach, to evaluate the 

relative abundance of a 6-member bacterial consortium, Ishizawa et al. (2020) employed 

Illumina Miseq sequencing of the V5-V6 region of the 16S rRNA gene to calculate the relative 

abundance of the consortium in the duckweed microbiome. These analyses allowed the 

researchers to differentiate between bacteria in the consortium and the plant's background 

microbiome, assess their relative abundance, and monitor their persistence over time.  

Other authors have used the operation taxonomic unit (OTU) method to monitor the 

colonisation of microbial consortia. This was implemented in the work of Liu et al. (2022a), 

where the genome sequences of eight bacteria in their consortium were compared to the 

representative OTUs obtained in their study. After that, the authors used the OTUs 

corresponding to the inoculated bacteria as a proxy for the bacteria. Although the use of 

amplicon sequencing data for tracking the abundance of introduced consortium may be 

biased by shifts in the dominance of other taxa in the environment (Liu et al., 2022a), other 

researchers have also employed this or a similar method to track the establishment and 

persistence of inoculated microbial consortia (Hu et al., 2016; Herrera Paredes et al., 2018; 

Zhou et al., 2022). 

Although these two methods (ASV and OTU) have been used to profile microbial communities 

and track the colonisation of microbial consortia, Callahan et al. (2017) have recommended 

the ASV over the OTU-based method for a few reasons. Firstly, the ASV method offers 

improved taxonomic resolution as they can distinguish sequences that differ by even a single 

nucleotide, in contrast to the OTU approach, where sequences are often grouped based on a 

similarity threshold, typically 97%. Additionally, and this is key for this current study, the ASV 



 
 
 
 
 

22 

method offers the opportunity for comparisons across studies. This is unlike de novo OTUs, 

which are invalid outside of the dataset in which they were generated (Callahan et al., 2017). 

1.6 Research aims and objectives 

There are no previous studies in which the characterisation of the microbiome structure and 

functions within GTD escape in grapevines has been undertaken. Therefore, this current 

research aimed to identify grapevines showing the GTD escape phenotype in New Zealand 

vineyards and characterise their microbiome. The central hypothesis in this research was that 

members of the grapevine microbiome contribute to the GTD escape phenotype in New 

Zealand vineyards. The four objectives below were developed to achieve the aim of the study. 

Objective 1: To determine the occurrence of GTD escape in New Zealand vineyards through a 

visual survey. 

Objective 2: To generate the microbial community data of the trunk endosphere of candidate 

GTD escape vines and diseased vines using Illumina-based DNA metabarcoding. 

Objective 3: To isolate key microorganisms from GTD escape grapevines and use these to 

design microbial consortia. 

Objective 4: To evaluate the establishment and persistence of inoculated microbial consortia 

in grapevine canes and assess their ability to reduce lesions in grapevine canes. 



 
 
 
 
 

23 

Chapter 2 

Survey of New Zealand vineyards for the occurrence of grapevine 

trunk disease escape vines 

2.1 Introduction 

Grapevine trunk diseases remain a significant global problem in viticulture. Historically, the 

biocontrol approach for managing these diseases has focused on identifying microorganisms 

from different sources and testing these against GTD pathogens in vitro. As a subset of 

traditional biocontrol, identifying potentially beneficial microorganisms from plants that 

remain healthy within a background of high disease pressure is an effective method of 

discovering new biocontrol candidates  (Campbell, 1986; Trivedi et al., 2016). This approach, 

referred to as the disease escape approach, has been used by authors in different 

pathosystems to identify beneficial microorganisms. 

Araújo et al. (2002) conducted one of the pioneering studies on disease escape by 

investigating the bacterial endophytes of citrus plants in the context of citrus variegated 

chlorosis (CVC), a disease caused by Xylella fastidiosa. The authors used the symptoms 

associated with CVC in mature citrus plants, such as leaf chlorosis, dieback, and small-sized 

fruits, to differentiate between escape and CVC-affected citrus plants. They found that 

Curtobacterium flaccumfaciens was more frequently isolated from the escape plants than 

diseased plants, suggesting that this organism may contribute to the health of citrus (Araújo 

et al., 2002). A follow-up study by the research group revealed similar results (Lacava et al., 

2004). This approach was also used by Kusstatscher et al. (2019) to identify microbial taxa 

associated with the microbiome of healthy sugar beets (Beta vulgaris) under the sugar beets 

fungal rot pathosystem. The authors identified healthy sugar beets surrounded by diseased 

ones and took samples from both groups of plants for microbiome analysis. Their results 

indicated that the two groups of plants had distinct microbiomes, with differences in the 

abundance of antagonistic and saprophytic microbial taxa. 

Under Pierce's disease (PD) of grapevine pathosystem, Rolshausen et al. (2010) isolated fungi 

from canes and sap of escape grapevines and showed that three of the fungal strains had in 
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vitro antagonistic effects against X. fastidiosa. Under the same PD pathosystem, Deyett et al. 

(2017) identified escape grapevines from PD hotspots and vineyards highly impacted by PD in 

California. Comparative analysis of the microbiome structures of symptomatic and escape 

grapevines revealed that Pseudomonas fluorescens and Achromobacter xylosoxidans had the 

highest relative abundance in grapevine canes and were negatively correlated with X. 

fastidiosa. 

In New Zealand, there have been anecdotal reports of GTD escape vines stemming from 

observations of grapevines that remain healthy while others around them succumb to GTD. 

In addition, unpublished historical data (Dion Mundy and co-workers) from a three-year 

research project monitoring GTD symptoms and grapevine health in more than 25 vineyards 

in the Hawke's Bay region have indicated some grapevines appear to escape GTD in high-

disease pressure areas. For the generation of this dataset, each vine in a vineyard block was 

scored on the presence or absence of GTD symptoms, such as canker, stunted growth, dead 

arm, and chlorotic or necrotic leaves. Furthermore, vines were scored on whether they were 

newly planted; retrunked, a practice in viticulture where a new trunk is established from a 

shoot or cane of a GTD-affected grapevine, followed by the removal of the diseased trunk; 

dead; or gaps where dead vines had been removed. 

Some criteria must be met to select candidate GTD escape grapevines from a vineyard block. 

One of these criteria is maturity. In the context of GTD, a mature grapevine is at least ten years 

old. This is because many symptoms of GTD only appear after 5-8 years of growth (Gramaje 

et al., 2018). Secondly, a candidate GTD escape grapevine should have full canopies, 

flourishing cordons, and healthy foliage. It should also be free of trunk cankers. Any healthy 

vine remaining in an area where new vines had been planted to replace those that had died 

or been removed due to GTD, is a good GTD escape candidate. Selecting grapevines that 

remained healthy when others around them were dead was one of the selection criteria that 

Deyett et al. (2017) employed to select PD escape grapevines. Deyett et al. (2017) proposed 

that grapevines that continue to thrive when those surrounding them have died from a 

disease likely exhibit the escape phenotype for that disease. Finally, for a healthy grapevine 

to be considered a GTD escape candidate, it must be surrounded by diseased grapevines or in 

a block with heavy GTD pressure. Plants that remain healthy in highly infested areas may 
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possess biological characteristics that make them more resilient to infection than diseased 

plants (Araújo et al., 2002; Riera et al., 2017; Li et al., 2022). 

The literature reviewed in this thesis provided evidence for the beneficial role of the 

microbiome in plants expressing the disease escape phenotype. Therefore, the objective of 

the research presented in this chapter was to identify candidate GTD escape vines which 

would serve as the basis for the microbiome analysis in subsequent chapters. 

2.2 Materials and methods 

2.2.1  Study sites 

The survey was conducted in two major winegrowing regions in New Zealand: Hawke's Bay 

and Canterbury, which are in the North and South Islands of New Zealand, respectively.  The 

vineyards listed in Table 2.1 were visited at least once between November 2019 and February 

2020 to evaluate grapevines as candidate GTD escape vines. The Hawke's Bay vineyards were 

selected based on the GTD mapping data by Dion Mundy and co-workers, while the 

Canterbury vineyards were selected based on the vineyard managers' anecdotal reports of 

likely candidate GTD escape vines in their vineyards. The specific areas surveyed in the 

Hawke's Bay vineyards were selected after taking a bird's eye view of the GTD map and 

identifying specific areas with high GTD pressure (Figure 2.1). The areas surveyed in the 

Canterbury vineyards were informed by the recommendations of vineyard managers and 

through observations made during preliminary visits. Based on the observation of putative 

GTD escape grapevines during initial vineyard visits, the final survey was conducted in four 

vineyards: Babich and Strathnaver vineyards in Hawke's Bay; and Pegasus Bay and Sherwood 

Estate vineyards in Canterbury (Table 2.2). 

Table 2.1 List of vineyards visited to observe reported and possible cases of GTD escape. 

Region Vineyard 

Canterbury Lincoln University vineyard 

Sherwood Estate Wines (Stirling vineyard) 

Pegasus Bay Wines 

Muddy Water Wines 

Hawke's Bay Babich Wines (Blocks 1 and 2) 

Constellation Wines 

Strathnaver 

William Murdoch Wines 

Monowai Estate Wines 
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Figure 2.1 A section of GTD mapping data (Mundy et al. unpublished, adapted by permission) showing 
the GTD hotspot at Babich vineyard where each blue box represents one vine location. Blue boxes 
without any letter represent healthy vines, while blue boxes with letter(s) are vines exhibiting one or 
more features of interest (C = canker, H = half-head, S = stunted growth, D = dead vine, G = gap, R = 
retrunked). Likely candidate GTD escape vines are circled in white. 

Table 2.2 Information on final vineyard study sites in Hawke's Bay and Canterbury. 

Region Vineyard Cultivar Rootstock Year Planted  

Hawke's Bay Babich Block 1 Sauvignon blanc SO4 2005-2007 
Babich Block 2 Sauvignon blanc SO4 2005-2006 
Strathnaver Sauvignon blanc 101-14 2005-2006 

Canterbury Pegasus Bay Cabernet Sauvignon Own rooted 1985 
Sherwood Estate Sauvignon blanc Own rooted 1987 

2.2.2 Selection of candidate GTD escape grapevines 

To evaluate grapevine health, the plant's trunk, cordons, shoots, and leaves were visually 

assessed for the symptoms of GTD. Candidate GTD escape vines and the diseased vines in their 

vicinity were identified and scored on canopy size, shoot stunting, canker, cracks, and 

chlorotic/cupped leaves. 
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To improve the standardisation of selecting candidate GTD escape vines, a disease scoring 

system was developed and used to rate the health of the grapevines based on visual 

observations of the GTD symptoms. The measurements of canopy size (Table 2.3) and shoot 

stunting (Table 2.4) were on a graded scale of 0 to 4, while the presence or absence of cankers, 

cracks and foliar symptoms were recorded on a binary scale of 1 (presence) or 0 (absence).  

The presence and severity of the GTD symptoms in each vine were rated on a scale of 0 to 11, 

where 0 indicated no observable symptoms, and 11 indicated the presence of all the 

symptoms in their most severe forms. To maintain consistency, the same person observed 

and graded the symptoms across all the vineyards. A candidate GTD escape vine and the 

diseased vine(s) in its vicinity were considered a sampling unit, and three to five sampling units 

were selected per vineyard. 

To aid the selection of a candidate GTD escape grapevine, the relative chlorophyll content of 

the grapevine leaves was measured in addition to the previously mentioned criteria. This was 

done by randomly selecting five leaves from each grapevine and taking an average of five 

readings per leaf using a Soil Plant Analysis Development (SPAD) 502 chlorophyll meter 

(Konica Minolta Sensing, Japan). The SPAD-502 chlorophyll meter measures leaf transmittance 

at 660 nm (red) and 940 nm (near infrared) to produce a unitless output, which is a relative 

measure of the chlorophyll content of the leaves (Steele et al., 2008). 
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Table 2.3 Disease rating scale (0 ς 4) using the grapevine canopy size (Sosnowski, 2021). 

Scale Description Example 

0 Full canopy 
(0%) 

 
1 25% impacted 

 
2 50% impacted 

 
3 75% impacted 

 
4 100% impacted 
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Table 2.4 Disease rating scale (0 ς 4) using the degree of shoot stunting (Sosnowski et al., 2007). 

Scale Description Example 

0 No symptom 

 

1 1 - 20% stunting 

2 21 - 50% stunting 

3 51 - 80% stunting 

4 81 - 99% stunting 

2.2.3 Data analysis 

To determine whether the relative chlorophyll content for the candidate GTD escape vines 

and diseased vines were significantly different, the data were analysed using a one-way 

analysis of variance (ANOVA), followed by a post hoc Tukey's test at a 95% confidence level. 

In addition, due to a large number of groups (>12 vines), the analysis of mean (ANOM) was 

used to determine which grapevines had relative chlorophyll content significantly different 

than the overall mean within a vineyard. The one-way Analysis of Variance (ANOVA) was 

conducted in Minitab® v20.2 (Minitab Inc., USA) and visualised with GraphPad Prism v8.4.3 

(GraphPad Software, San Diego, CA, USA), while the ANOM was conducted and visualised with 

Microsoft® Excel. 

2.3 Results 

2.3.1 Visual identification of candidate GTD escape vines 

Grapevines that met the GTD escape criteria were found in the four vineyards surveyed. For 

example, vines that were thriving while surrounded by diseased vines and gaps where vines 

had been removed due to GTD, were found in vineyards from both regions (Figures 2.2 ς 2.3). 

Similarly, grapevines with full foliage and no trunk cankers were found close to grapevines 

with sparse, chlorotic foliage, dying cordon and trunk cankers. These vines were also 

surrounded by either young vines or dead or dying vines, which were being replaced by water 

shoots (Figures 2.4 ς 2.5). 
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Figure 2.2 A candidate grapevine trunk disease (GTD) escape vine (blue arrow) surrounded by diseased 
vines (yellow arrows) and gaps (red arrow) where vines that died of GTD had been removed. 

 
Figure 2.3 A candidate grapevine trunk disease (GTD) escape vine (blue arrow) surrounded by diseased 
vines (yellow arrows) and gaps (red arrows) where vines that died of GTD had been removed. 
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Figure 2.4 A candidate grapevine trunk disease escape vine (blue arrow) flanked by diseased vines 
(yellow arrows) and a young vine (white arrow), likely planted to replace a dead vine. 

 
Figure 2.5 A candidate grapevine trunk disease escape vine (blue arrow) surrounded by diseased vines 
(yellow arrows) and young water shoots (grey arrows) being trained to replace the diseased vines. 

 



 
 
 
 
 

32 

2.3.2 Disease ratings of candidate GTD escape and diseased vines 

From the selected sampling units across the four vineyards, the disease ratings of the 

candidate GTD escape vines were between 0 and 1, while the ratings of the diseased vines 

ranged from 1 to 7. The mean disease rating of the candidate GTD escape vines in Babich, 

Strathnaver, Pegasus Bay, and Sherwood Estate were 0, 0, 0.3, and 0.75, respectively (Tables 

2.5 ς 2.8). During the survey, the grapevines in the study showed classic symptoms of GTD, 

such as poor cordon growth, cankers, and poor foliage (Figures 2.6 ς 2.9). Although leaf 

chlorosis was primarily observed in the Sherwood Estate vineyard, trunk cankers were more 

common in diseased vines across the vineyards. 

Figure 2.6 Shoot stunting and poor cordon growth observed in early spring, typical symptoms of 

Eutypa dieback. 
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Figure 2.7 External canker on grapevines, characteristic grapevine trunk diseases symptom observed 
on the trunks of grapevines in all the vineyards surveyed. 
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Figure 2.8 Longitudinal cracks in grapevine trunks that can serve as entry points and reservoirs for 
grapevine trunk diseases pathogens. 
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Figure 2.9 Foliar symptoms of grapevine trunk diseases, such as tattered leaves with necrotic margins 
(A-C) and chlorotic leaves (D), were found in the vineyards. 
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Table 2.5 Disease ratings of Babich vineyard showing canopy size, shoot stunting, canker, cracks, and 
leaf chlorosis, with candidate GTD escape vines highlighted in green. 

Vine 

Canopy 
Size (0-4 
Scale) 

Shoot 
stunting  
(0-4 Scale) 

Canker 
(Yes=1/No=0) 

Longitudinal 
cracks 
(Yes=1/No=0) 

Chlorotic/ 
cupped leaves 
(Yes=1/No=0) Total   

VAB 0 0 0 0 0 0 
VAB1 0 0 1 1 0 2 
VAB2 0 0 1 0 0 1 
VAB3 0 0 1 0 0 1 
VAB4 0 0 1 1 0 2 
VAB5 1 0 1 0 0 2 
VBB 0 0 0 0 0 0 
VBB1 1 0 1 1 0 3 
VBB2 1 1 1 0 1 4 
VBB3 0 0 1 0 0 1 
VCB 0 0 0 0 0 0 
VCB1 1 0 1 1 1 4 
VCB2 0 0 1 1 0 2 
VCB3 1 0 1 1 0 3 
VDB 0 0 0 0 0 0 
VDB1 2 1 1 1 1 6 
VDB2 1 0 1 1 1 4 
VDB3 0 0 1 1 0 2 
VDB4 0 0 1 0 0 1 
VEB 0 0 0 0 0 0 
VEB1 1 0 1 1 0 3 
VEB2 0 0 1 1 0 2 
VEB3 0 0 1 1 0 2 
VEB4 1 0 1 0 0 2 
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Table 2.6 Disease ratings from Strathnaver vineyard showing canopy size, shoot stunting, canker, 
cracks, and leaf chlorosis, with candidate GTD escape vines highlighted in green. 

Vine 

Canopy 
Size (0-4 
Scale) 

Shoot 
stunting  
(0-4 Scale) 

Canker 
(Yes=1/No=0) 

Longitudinal 
cracks 
(Yes=1/No=0) 

Chlorotic/ 
cupped leaves 
(Yes=1/No=0) Total   

VAS 0 0 0 0 0 0 
VAS1 0 0 1 0 0 1 
VAS2 0 0 1 0 0 1 
VAS3 1 0 1 0 0 2 
VBS 0 0 0 0 0 0 
VBS1 1 0 1 1 0 3 
VBS2 1 1 1 0 1 4 
VBS3 0 0 1 1 0 2 
VBS4 0 0 1 0 0 1 
VCS 0 0 0 0 0 0 
VCS1 0 0 1 1 0 2 
VCS2 0 0 1 1 0 2 
VCS3 1 0 1 1 1 4 
VDS 0 0 0 0 0 0 
VDS1 2 1 1 1 1 6 
VDS2 0 0 1 1 0 2 
VDS3 1 0 1 1 1 4 
VDS4 1 0 1 1 0 3 
VDS5 0 0 1 1 0 2 
VDS6 1 0 1 0 1 3 

 

 

Table 2.7 Disease ratings from Pegasus Bay vineyard showing canopy size, shoot stunting, canker, 
cracks, and leaf chlorosis, with candidate GTD escape vines highlighted in green. 

Vine 

Canopy 
Size (0-4 
Scale) 

Shoot 
stunting  
(0-4 Scale) 

Canker 
(Yes=1/No=0) 

Longitudinal 
cracks 
(Yes=1/No=0) 

Chlorotic/ 
cupped leaves 
(Yes=1/No=0) Total   

VAP 1 0 0 0 0 1 
VAP1 2 0 1 1 0 4 
VAP2 2 0 1 0 0 3 
VAP3 0 0 1 1 0 2 
VAP4 0 0 1 1 0 2 
VBP 0 0 0 0 0 0 
VBP1 2 0 1 1 0 4 
VBP2 1 0 1 0 0 2 
VCP 0 0 0 0 0 0 
VCP1 1 0 1 0 0 2 
VCP2 1 0 1 0 0 2 
VCP3 3 1 1 1 1 7 
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Table 2.8 Disease ratings of the Sherwood Estate vineyard showing canopy size, shoot stunting, canker, 
cracks, and leaf chlorosis , with candidate GTD escape vines highlighted in green. 

Vine 

Canopy 
Size (0-4 
Scale) 

Shoot 
stunting  
(0-4 Scale) 

Canker 
(Yes=1/No=0) 

Longitudinal 
cracks 
(Yes=1/No=0) 

Chlorotic/ 
cupped leaves 
(Yes=1/No=0) Total   

VAX 0 0 0 0 1 1 
VAX1 0 0 1 1 1 3 
VAX2 3 2 1 0 1 7 
VAX3 0 0 1 1 1 3 
VAX4 0 0 1 0 0 1 
VAX5 0 0 1 0 1 2 
VBX 0 0 0 0 1 1 
VBX1 1 0 1 0 1 3 
VBX2 0 0 0 1 1 2 
VBX3 1 0 1 1 1 4 
VBX4 0 0 0 0 1 1 
VBX5 0 0 0 0 1 1 
VCX 0 0 0 0 0 0 
VCX1 1 0 1 1 1 4 
VCX2 0 0 1 0 1 2 
VDX 0 0 0 0 1 1 
VDX1 0 0 1 1 1 3 

 

2.3.3 Chlorophyll content of leaves 

In all vineyards, the relative chlorophyll content of the leaves of candidate GTD escape vines 

ranged from 27.1 to 42.5, while those of diseased vines ranged from 19.0 to 44.0. As shown 

in Figure 2.10, there was a significant difference between the relative chlorophyll content of 

the leaves of candidate GTD escape vines and the diseased vines in Babich (p = 0.000) and 

Sherwood Estate (p = 0.000) (Appendices B.1 ς B.4.1). The chlorophyll content in the leaves of 

candidate GTD escape vines varied significantly across all vineyards (p = 0.000) (Appendices 

B.5 ς B.7.1). 

The ANOM analyses (Figures 2.11 ς 2.14) were used to examine chlorophyll content 

distribution between candidate GTD escape vines and diseased vines in the vineyards. The 

results demonstrated that at least half of the candidate GTD escape vines in all vineyards had 

equal or higher chlorophyll content than the overall average. 
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Figure 2.10 The relative chlorophyll content of the leaves of candidate GTD escape vines and diseased 
vines in the four vineyards. The median is the dotted blue line. The SPAD reading is average of five 
leaves per vine. Significant means were determined using Tukey's test at p<0.05 (0.12 (ns=not 
significant)), 0.033 (*), 0.002 (**), <0.001 (***). 

 

Figure 2.11 The analysis of means of SPAD readings of Sauvignon blanc grapevine leaves from the 
Babich vineyard. The green and blue dots show the mean of each candidate GTD escape vine and 
diseased vine, respectively. The means outside the Upper Decision Limit (UDL) or Lower Decision Limit 
(LDL) are statistically different from the overall mean for all samples. 
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Figure 2.12 The analysis of means of SPAD readings of Sauvignon blanc grapevine leaves from the 
Strathnaver vineyard. The green and blue dots show the mean of each candidate GTD escape vine and 
diseased vine, respectively. The means outside the Upper Decision Limit (UDL) or Lower Decision Limit 
(LDL) are statistically different from the overall mean for all samples. 

 

 
Figure 2.13 The analysis of means of relative chlorophyll content of Cabernet Sauvignon grapevine 
leaves from Pegasus Bay vineyard. The green and blue dots show the mean of each candidate GTD 
escape vine and diseased vine, respectively. The means outside the Upper Decision Limit (UDL) or 
Lower Decision Limit (LDL) are statistically different from the overall mean for all samples. 
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Figure 2.14 The analysis of means of SPAD readings of Sauvignon blanc vine leaves from the Sherwood 
Estate vineyard. The green and blue dots show the mean of each candidate GTD escape vine and 
diseased vine, respectively. The means outside the Upper Decision Limit (UDL) or Lower Decision Limit 
(LDL) are statistically different from the overall mean for all samples. 

2.4 Discussion 

This study identified candidate GTD escape vines in vineyards using external symptoms of 

GTD, chlorophyll content of leaves, and the disease pressure within a vineyard block or row. 

The combination of several metrics to identify candidates was employed because multiple 

pathogens cause GTD, and some GTD symptoms can resemble those of other diseases or 

conditions that arise from abiotic stresses (Nita, 2018). 

The disease ratings system used generic and specific symptoms of GTD. Leaf chlorosis, shoot 

stunting, poor canopy growth, and trunk cracks were considered generic symptoms because 

they could have multiple causes, such as nutritional deficiencies (Bavaresco et al., 2010), 

pests, fungicides, weather, and mechanical damage (Magarey, 1999; Walton et al., 2009; 

Rahemi et al., 2022). In contrast to foliar symptoms, trunk cankers were considered relatively 

specific symptoms of GTD because, while it is difficult to completely rule out other causes of 

cankers in grapevines, foliar symptoms are often unpredictable in their expression and can 

have multiple causes (Mondello et al., 2018b). Bacterial canker, caused by Xanthomonas 

campestris, is another type of canker that affects grapevines, but it mainly appears on the 

canes, leaves, and berries (Rodrigues Neto et al., 2011) rather than old trunks, as observed in 
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this study. Furthermore, the bacterial canker has not been reported in New Zealand, making 

it unlikely to be responsible for any canker observed on the grapevines. Therefore, all vines 

with trunk cankers were discounted as GTD escape candidates. Observing the wedge-shaped 

stain in cross-sections of the grapevines would have been evidence for the aetiology of the 

canker, but this was not feasible as it would have required the destruction of the vines.  While 

individual, generic GTD symptoms used as GTD escape criteria may not be enough to identify 

grapevines with GTD, combining the entire set of generic and specific symptoms could 

facilitate accurate identification of grapevines with and without the disease (Powell & 

Lindquist, 1997). 

The assessment of vineyards in early spring are critical for correctly identifying GTD symptoms. 

This is when the foliar symptoms associated with Eutypa dieback can be easily observed 

(Sosnowski et al., 2007). Furthermore, returning in late spring and summer, when the canopy 

has grown, allows the identification of vines with low vigour, poor foliage, and dying cordons. 

Besides the general observations of cankers in diseased vines, trunk cracks were also highly 

prevalent in diseased vines. Trunk cracks are caused by GTD, mechanical damage and winter 

injuries (Mugnai et al., 1999; Rahemi et al., 2022). These cracks can contribute to the spread 

of pathogens within a vineyard by serving as entry points and reservoirs for GTD pathogens 

and providing them with a conducive, humid environment for profuse sporulation (Edwards 

et al., 2001). The presence of cracks on vines showing other symptoms of GTD emphasises the 

need to monitor trunk cracks as a potential indicator of GTD in vineyards and a risk factor in 

the susceptibility of vines to GTD. Overall, foliar symptoms were rare and were predominantly 

found in the Sherwood Estate vineyard. This finding agrees with previous surveys in New 

Zealand vineyards where a low prevalence of foliar symptoms was reported in Hawke's Bay 

and Marlborough (Sosnowski & Mundy, 2019a). This could be attributed to the observation 

that the foliar symptoms associated with Eutypa dieback may take between 3 to 8 years to 

appear following the initial infection (Sosnowski & Mundy, 2019a). 

In addition to the GTD symptom scoring system, the relative chlorophyll content of the leaves 

was used to select candidate GTD escape vines. The quality of grapevine leaves can serve as a 

key sign of disease (Martín-Tornero et al., 2020), and GTD have been linked with a reduction 

in the total chlorophyll content and, therefore, changes in the plant's ability to 
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photosynthesise (Petit et al., 2006). Among the vineyards, the leaves of grapevines in 

Sherwood Estate had the lowest chlorophyll content. Within this vineyard, the chlorophyll 

content of leaves from candidate GTD escape vines was significantly higher than those of 

diseased vines. This suggests that GTD might contribute to the chlorophyll reduction observed 

in those diseased vines. This observation was consistent with the results obtained from Babich 

vineyard, where the chlorophyll content of the candidate GTD escape vines was also 

significantly higher than that of the diseased ones. However, this trend was not observed at 

Pegasus Bay and Strathnaver, despite the latter having more chlorotic vines than Babich. 

A possible explanation for the differences in the chlorophyll content of candidate GTD escape 

and diseased vines in Pegasus Bay and Strathnaver is that the pathogens affecting the 

grapevines in these vineyards are not typically associated with chlorophyll reduction. 

Grapevine trunk disease pathogens typically producing grapevine leaf chlorosis are Pmi, 

Phaeoacremonium angustius, Pch and E. lata (Bertsch et al., 2013). The expression of foliar 

symptoms caused by E. lata can also be influenced by climate and can vary from year to year 

(Sosnowski et al., 2007). Furthermore, the grapevine cultivar and rootstock could also affect 

the chlorophyll content of grapevine leaves, as shown in the work of Moukarzel et al. (2022), 

where the chlorophyll content of grapevine leaves was influenced by the rootstock and the 

arbuscular mycorrhizal fungal (AMF) community that colonises them. Therefore, the 

variations observed in chlorophyll content across the vineyards in this study may be attributed 

to the use of different rootstocks and differences in their microbial communities. To 

investigate the potential microbial link, the microbial community structure of the grapevines 

could be explored to identify the predominant GTD pathogens and microbial taxa across the 

vineyards. This will be addressed in a later section of this thesis.  Abiotic factors such as 

drought and soil nitrogen have also been shown to influence chlorophyll content in grapevine 

leaves (Linsenmeier et al., 2008; Andrade et al., 2017; Haider et al., 2017; Min et al., 2019). 

The leaf chlorophyll content is multifactorial. As a result, measurement of leaf chlorophyll was 

one of several indices tested to select candidate GTD escape vines. 

Across the vineyards, it was challenging to find candidate GTD escape grapevines because one 

was more likely to find healthy grapevines with one or two diseased vines nearby than a 

healthy grapevine flanked by mostly diseased or dead vines. However, the large-scale vineyard 
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monitoring surveys (Mundy et al. unpublished), carried out as part of the Vineyard Ecosystems 

programme to analyse the cost/benefit of GTD management in New Zealand and identify 

microorganisms present in grapevines, aided in the identification of candidate GTD escape 

vines in this study (MacDiarmid et al., 2018; Sosnowski & Mundy, 2019a). 

In this chapter, candidate GTD escape vines were identified using a combination of GTD 

symptoms, leaf chlorophyll content, and GTD pressure. However, this was only the first step 

towards studying the grapevines' microbiome using the GTD escape approach. An 

investigation of the microbiome structure of the candidate GTD escape vines and the diseased 

vines in their vicinity would provide more evidence of the occurrence of GTD escape in the 

vineyards. The visual surveys and the identification of candidate GTD escape vines in this 

chapter provided the physical specimens and metadata for the DNA metabarcoding study in 

Chapter 3. 
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Chapter 3 

The microbiome of grapevine trunk disease escape vines 

3.1 Introduction 

Grapevine trunk diseases are one of the most devastating grapevine diseases in the world. 

They are caused by a group of fungi collectively known as GTD fungi, with over 100 species of 

these fungi reported in the literature (Gramaje et al., 2018). Some notable GTD pathogens are 

E. lata, Pch, Pmi, and the members of the Botryosphaeriaceae family, such as Neofusicoccum, 

Diplodia, and Botryosphaeria (Urbez-Torres, 2011; Claverie et al., 2020; Mundy et al., 2020). 

These fungi are implicated in the aetiology of GTD, such as Esca, Botryosphaeria dieback, and 

Eutypa dieback. Botryosphaeria and Eutypa diebacks are the GTD reported in New Zealand. 

Although Esca has not been reported in New Zealand, it is a severe GTD in other parts of the 

world (Mundy & Manning, 2010), and some of the fungi associated with the disease complex 

have been detected in New Zealand (Ridgway et al., 2002; Graham et al., 2009; Vanga et al., 

2022). The GTD cause yield losses, poor vineyard productivity, and, eventually, vine death 

(Bertsch et al., 2013). 

A growing interest in the role of the grapevine microbiome in GTD development and 

management has emerged in recent years. This has been driven partly by the increasing 

recognition of the importance of the human microbiome to human health, and by the 

potential for manipulation of the plant microbiome to improve plant growth and health 

(Compant et al., 2019). In this vein, researchers from winegrowing regions worldwide have 

characterised the microbiome of grapevine trunks. These studies have shown that the 

grapevine trunk mycobiome is usually composed of genera such as Cladosporium, 

Aureobasidium, Alternaria, Epicoccum, Acremonium, and GTD pathogens such as Eutypa, 

Phaeomoniella, Diplodia, Neofusicoccum, Fomitiporia, and Diaporthe (Bruez et al., 2016; 

Travadon et al., 2016; Deyett et al., 2017; Del Frari et al., 2019b). Similar fungi are reported 

from New Zealand, with the fungal taxa with the highest relative abundance in grapevine 

trunks being Phaeomoniella, Cladosporium, Eutypa, Epicoccum, Alternaria, and 

Aureobasidium (Vanga et al., 2022). 
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In the context of GTD, many grapevine trunk microbiome studies have focused on the 

mycobiome, with limited information about the bacterial communities of the grapevine trunk. 

More recently, some grapevine trunk microbiome studies have included bacteria in their 

investigations (Niem et al., 2020; Bekris et al., 2021), perhaps due to the increasing 

understanding of the potential interactions among bacteria, fungi, and the grapevine. Based 

on these limited studies, the grapevine trunk bacterial communities seem more variable than 

the mycobiome. Although there are no published grapevine microbiome studies in New 

Zealand investigating the bacterial community, Niem et al. (2020) found a high relative 

abundance of Pseudomonas, Pedomicrobium, Hyphomicrobium, Jiangella, and Sphingomonas 

in grapevine trunks in Australia. In the USA, Deyett et al. (2017) found that both healthy and 

PD-impacted grapevines harboured Pseudomonas, Denitratisoma, Acinetobacter, and 

Achromobacter. In addition to these, the PD-impacted grapevines harboured the pathogen, 

Xylella. In contrast, Bekris et al. (2021) reported a high relative abundance of Streptomyces, 

Bacillus, Acinetobacter, and Corynebacterium from grapevine trunks in Greek vineyards. While 

there are limited studies to conclude, the grapevine trunk bacterial microbiome is most likely 

dominated by members of the phylum Proteobacteria (Deyett et al., 2017; Niem et al., 2020). 

Studies have been conducted to identify the microbiome differences between healthy and 

symptomatic grapevines to understand their taxonomic composition, find an association with 

GTD or identify beneficial microorganisms (Bruez et al., 2015; Bruez et al., 2016; Del Frari et 

al., 2019b; Niem et al., 2020). One way to improve the likelihood of identifying beneficial 

microorganisms is to study plants which remain healthy under high disease pressure 

(Campbell, 1986; Collinge et al., 2019). As described in Chapter 1, grapevines that continue to 

thrive under high GTD pressure have been termed GTD escape vines. This concept has been 

used to study the grapevine microbiome within the PD pathosystem (Deyett et al., 2017).  A 

simple way to explain the distinction between GTD escape and healthy vines is that all GTD 

escape vines are healthy, but not all healthy vines are necessarily GTD escape vines. Therefore, 

in this study, DNA metabarcoding was used to explore the grapevine trunk endosphere of 

candidate GTD escape vines as identified from the outcomes presented in Chapter 2, and the 

diseased vines near them. From this, the overall aim will be the identification of their 

microbiome structure and determining whether specific microbial taxa are significantly more 

associated with either of the two groups. 
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3.2 Materials and methods 

3.2.1 Plant material and sampling 

Candidate GTD escape vines (see Chapter 2) and the diseased vines in their vicinity were 

selected for sampling. To improve the chances of identifying promising candidates of GTD 

escape, grapevines from different vineyards in different regions were investigated (complete 

vineyard information is presented in Section 2.2.1). A total of 73 trunk samples were collected 

from the four vineyards (Table 3.1) using the method of Mundy et al. (2018). Trunk tissue 

samples were collected (about 80 cm above ground level) by removing the bark with a sterile 

knife to ensure there was no contamination from epiphytes. The inner woody trunk tissue was 

then drilled to approximately 40 mm with a 4-mm drill bit sterilised in 3% hypochlorite solution 

(the drill bit was changed after sampling each grapevine to prevent cross-contamination and 

overheating). Samples were placed into 2 mL cryogenic tubes, snap-frozen in liquid nitrogen, 

and stored at -80°C until DNA extraction. Samples for microbial isolations (Section 4.2.2) were 

collected from the same hole into 2 mL sample tubes and kept cool on ice during 

transportation to the laboratory. 

Table 3.1 Number of grapevine woody trunk tissue samples collected from candidate GTD escape vines 
and diseased vines in the four vineyards used in this study. 

Vineyard Candidate GTD escape vine Diseased vine Total 

Babich 5 19 24 
Strathnaver 4 16 20 
Sherwood Estate 4 13 17 
Pegasus Bay 3 9 12 
Total 16 57 73 

3.2.2 DNA metabarcoding 

Fungal and bacterial genomic DNA extraction from plant tissues 

Genomic DNA was extracted from each woody trunk tissue sample using a 

cetyltrimethylammonium bromide (CTAB) method (Mundy et al., 2018).  One gram of sterile 

2.3-mm steel beads was added to 500 g of plant tissue in 700 µL of CTAB extraction buffer. 

The samples were homogenised using a Mini-Bead Beater 8 (BioSpec Products) for 60 s, 

followed by incubation at 65°C for 90 min with intermittent shaking. Samples were extracted 

with an equal volume of chloroform: isoamyl alcohol (24:1), mixed by inversion and then 

centrifuged at 15, 100 x g (Centrifuge 5430R, Eppendorf 022620601) for 10 min. Afterwards, 
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400 ˃ [ of the aqueous phase was precipitated with 0.54 volume of chilled isopropanol and 

0.08 volume of chilled 7.5 M ammonium acetate, then incubated overnight at -20°C. Samples 

were centrifuged at 15, 100 x g for 30 min, and the pellet was washed with 700 µL of ice-cold 

80% ethanol. DNA was air-dried for 10-15 min, then resuspended in 80 ˃[ of sterile molecular 

grade water (Thermo Scientific) and incubated at 37°C for 30 min to resuspend the DNA 

completely. An extraction blank was included during each run of DNA extraction. The yield 

and integrity of DNA were assessed by electrophoresis on 1% agarose gels for 30 min at 100 

V, stained with SYBR Safe DNA gel stain (ThermoFisher Scientific, Australia) and visualised 

under UV illumination with Gel Doc EZ System (Biorad, USA). 

Polymerase Chain Reaction amplification and sequencing 

The fungal ITS1 region was amplified with the 

primers Fun58A2R_MS (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGTCCTGCGTTCTTC

ATCGAT) and NSI1mod_MS1 (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATTGAATGGCT

TAGTGAGK) (Vanga et al., 2022). The V5-V7 variable region of the bacterial 16S rRNA gene was 

amplified with the 

primers 799F_MS (5 -̀ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACMGGATTAGATACCC

KG-3`) (Chelius & Triplett, 2001), and 1193R_MS (5 -̀

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGTCATCCCCACCTTCC-3`) (Bodenhausen et 

al., 2013) containing the Nextera adapters (underlined). 

The PCRs were performed in a total volume of 20 ˃[ containing 1 ˃ [ of template DNA, 10 ˃ [ 

of MyFiϰ mix (Bioline), 1 ˃L of of each primer (10 ˃ M stock), and 7 ˃ L of molecular grade H2O. 

The PCR amplification was carried out in a T100 thermal cycler (Bio-Rad) with the following 

programme: initial denaturation at 94°C for 3 min, 35 cycles of denaturation at 94°C for 30 s, 

annealing at 55°C for 30 s, elongation at 72°C for 60 s and a final extension phase at 72°C for 

5 min, before holding at 12°C. All PCRs included a negative, no template control, as well as the 

extraction blanks. Furthermore, the mock DNA community, ZymoBIOMICS microbial standard 

(Zymo Research, Irvine, CA, USA), was included as a positive control. All PCR products were 

visualised in 1% agarose (at 100V for 30 min). The PCR products were purified using 

AGENCOURT AMPure XP magnetic beads, according to ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ directions, and stored 

at -20oC until indexing. 
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Library preparation 

Sample-specific barcodes and sequencing adapters were added in a final PCR reaction 

consisting of 10 ˃L MyFiϰ mix (Bioline), 1 ˃L each of 5 ˃M barcoding primers, 1 ˃L template 

(20 ng/µL) from the first round of PCRΣ ŀƴŘ т ˃L molecular grade water όнл ˃L total). The PCR 

reaction cycle was 95°C for 3 min; five cycles of 95°C for 20 s, 55°C for 15 s, and 72°C for 30 s; 

and a final 72°C extension for 60 s before holding at 12°C. The indexed PCR products were 

pooled and purified with AGENCOURT AMPure XP magnetic beads. Amplicons were 

sequenced on the Illumina MiSeq platform using the 2 x 300 bp PE v3 chemistry (Auckland 

Genomics, New Zealand). 

Sequence data analysis 

Demultiplexed raw reads obtained from Auckland Genomics were quality-filtered, denoised, 

chimaera-checked and processed into ASVs using the DADA2 (v1.16.0) R package, following 

the official tutorials for 16S and ITS datasets (Callahan et al., 2016). The ASV approach was 

preferred over the OTU method due to its higher resolution, better error correction, and 

reliable labels based on exact DNA sequences (Edgar, 2013; Callahan et al., 2017). These ASVs 

can be confidently compared across different samples or projects, while de novo OTUs may 

not correspond to a biological reality outside the dataset, making OTU comparisons between 

studies or analysis runs invalid (Callahan et al., 2017). 

The 16S primer sequences were removed using the trimLeft function and truncated at 260 bp 

for the forward and reverse reads. The ITS sequences were trimmed with cutadapt v1.3.1, 

with no truncation. The taxonomic assignment of the ASVs was conducted using the 

assignTaxonomy function in DADA2. The SILVA (v138.1) rRNA database (Quast et al., 2012) 

and the UNITE (10.05.2021) database (Nilsson et al., 2019b) were used for the taxonomic 

assignment of bacteria and fungi, respectively. Furthermore, for highly abundant ASVs with 

no assignment, a manual National Center for Biotechnology Information's Basic Local 

Alignment Search Tool (BLAST) (Altschul et al., 1997) was used to resolve the taxonomy 

wherever possible. Afterwards, sequences belonging to mitochondria and chloroplast were 

removed. The ASVs that were not classified at the kingdom and phylum level were removed 

from the dataset as these were not informative. The ASV count data was decontaminated 

using microDecon (McKnight et al., 2019b). For further downstream analysis, files were either 
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used as inputs for MicrobiomeAnalyst, v1.0, using the marker data profiling module (Chong et 

al., 2020) or made into a phyloseq object and analysed with the phyloseq R package 

(McMurdie & Holmes, 2013) on R (v 4.2.0) (Team, 2013). 

The relative abundance of the bacterial and fungal taxa was calculated in MicrobiomeAnalyst. 

Only ASVs that appeared at least twice were retained. However, no removal of rare ASVs with 

low count was undertaken. The ASV count data was normalised using the cumulative sum 

scaling method (Paulson et al., 2013), while the total sum scaling was used for other 

community-level analyses (McKnight et al., 2019a). Due to the limitations of taxonomic 

resolution in DNA metabarcoding, the genus taxonomic level was the lowest level used in 

presenting the relative abundance data. Alpha diversity was calculated with phyloseq, using 

data scaled by ranked subsampling scaling, which has been reported to overcome the 

limitations of rarefaction for calculating alpha diversity (Beule & Karlovsky, 2020). The alpha 

diversity metrics used were the richness indices (Chao1 index and Observed species), which 

estimate the total number of species in a sample, and diversity indices (Shannon and Simpson 

indexes), which account for the total number of species and their relative abundance. The 

statistical significance of values of alpha diversity metrics was then calculated using the 

Kruskal-Wallis test, followed by Dunn's multiple comparison test. Multivariate beta diversity 

analysis was performed with phyloseq using the Bray-Curtis distance method at the ASV level. 

The principal coordinate analysis (PCoA) ordination plot was drawn with ggplot2 to visualise 

the structure of the communities (McMurdie & Holmes, 2013). The permutational 

multivariate analysis of variance (PERMANOVA) test was used to test the statistical 

significance of different communities, using the adonis function from the vegan package 

(Oksanen, 2010) within the R software environment. 

The differentially abundant ASVs were investigated by edgeR (Robinson et al., 2010) and the 

DESeq2 R package (Love et al., 2014), as recommended by McMurdie and Holmes (2014). A 

combination of these two tools was used because differential abundance tools can produce 

varying results (Schurch et al., 2016; Cappellato et al., 2022; Nearing et al., 2022), and they 

are sensitive to the inherent characteristics of the data, such as the sample size, data 

distribution, variation, and the statistical power of the experiment (Nearing et al., 2022). 

Differentially abundant ASVs identified by edgeR were visualised by a volcanic plot with the 
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text of labels positioned using the R package, ggrepel (Slowikowski, 2018). The identification 

of taxa shaping the grapevine trunk microbiome was performed using a Random Forest 

analysis (Breiman, 2001), as implemented with the randomForest package (Liaw & Wiener, 

2002). The Random Forest analysis was trained with 5000 trees and a randomness setting of 

123456. 

Interactive Venn diagrams showing the shared ASVs between candidate GTD escape and 

diseased samples and among vineyards were generated from filtered ASV counts (containing 

at least two counts) using the R package, VennDiagram (Chen & Boutros, 2011), following a 

customised microbiota analysis pipeline by Dill-McFarland (2017). The output ASV lists were 

then exported to the online tool available at http://www.interactivenn.net (Heberle et al., 

2015) and used to design the Venn diagram (fonts were enlarged on Photoscape X Pro v4.0.2). 

The common core microbiome (as defined by Risely (2020)) in this study was represented as 

the taxa that appeared in at least 50% of samples, as used in the work of Kusstatscher et al. 

(2019). Therefore, core microbiome data was generated using a 50% sample prevalence filter. 

The figures for relative abundance, alpha diversity, Random Forest and DESeq2 analyses were 

made with GraphPad Prism v 8.4.3 (GraphPad Software, California, United States). The fonts 

were enlarged for better readability with Photoscape X Pro, wherever necessary. 

3.3 Results 

3.3.1 Sequence data summary 

Two woody trunk tissue samples (one diseased sample each from Babich and Strathnaver 

vineyards) out of 73 were unusable due to DNA extraction failure. Therefore, the final number 

of wood samples processed for sequencing was 71 (16 candidate GTD escape vine samples 

and 55 diseased vine samples). In the fungal dataset, 3,632,192 raw paired reads were 

obtained, and 1,431,513 reads remained after filtering and chimaera removal. For the 

bacterial dataset, 5,271,359 raw paired reads were obtained, and 2,856,153 reads remained 

after the filtering and chimaera removal steps in DADA2. Only sequences with at least 1,000 

reads were retained for further downstream analyses. Because of this, three and six samples 

were eliminated from the fungal and bacterial datasets, respectively. The final samples were 

68 and 65 for fungi and bacteria, respectively. Overall, 754 ASVs were identified from 68 
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samples in the fungal dataset, while 3,716 ASVs were identified from 65 samples in the 

bacterial dataset. Twelve fungal and 20 bacterial ASVs were removed because they were 

identified as contaminants by microdecon (Appendices C.1 ς 2). Following the removal of 

these contaminants, and after filtering out ASVs with less than two counts, 186 fungal ASVs 

and 1,209 bacterial ASVs were retained for downstream analyses. 

3.3.2 Taxonomic composition of samples 

Taxonomic composition of the fungal community 

The fungal communities were dominated by the phylum Ascomycota, accounting for over 98% 

of the ASVs in diseased samples and 93% in GTD escape samples. Basidiomycota made up the 

remainder of the community. The fungi were assigned to 76 genera, and among the diseased 

samples, Phaeomoniella (35%), Eutypa (31%), Epicoccum (15%), Alternaria (4%) and 

Seimatosporium (3%) were the genera with the highest relative abundance. For the GTD 

escape samples, Phaeomoniella (40%), Epicoccum (13%), Seimatosporium (10%), 

Aureobasidium (10%) and Alternaria (8%) were the five genera with the highest relative 

abundance (Figure 3.1). Aureobasidium (diseased 1% - GTD escape 10%), Seimatosporium 

(diseased 3% - GTD escape 10%) and Cladosporium (diseased 0.4% - GTD escape 2%) had the 

greatest differences in terms of relative abundance, in diseased vines compared to GTD 

escape vines. In contrast, E. lata had the highest difference in relative abundance in diseased 

vines (31%) compared to the GTD escape vines (0.3%). As shown in Figure 3.2, the large 

differences in relative abundance of E. lata between the diseased and GTD escape samples 

were consistent across all the vineyards (Babich: diseased 21% - GTD escape 0.7%; 

Strathnaver: diseased 2% - GTD escape 0.01%; Sherwood Estate: diseased 64% - GTD escape 

0.07%; and Pegasus Bay: diseased 70% - GTD escape 0.2%). Although Seimatosporium was 

relatively more abundant in the Canterbury vineyards (Sherwood Estate and Pegasus Bay), the 

differences in the relative abundance of Aureobasidium, Seimatosporium and Cladosporium 

in GTD escape and diseased vines were consistent across the vineyards. 
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Figure 3.1 The relative abundance of the 14 most abundant fungal genera in the woody trunk tissue of 
diseased and candidate GTD escape vine samples.  'Not_Assigned' are taxa not identified at the genus 
level, while 'Others' are taxa not among the 14 most abundant taxa. 
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Figure 3.2 The relative abundance of the 14 most abundant fungal genera in the woody trunk tissue of 
diseased and candidate GTD escape vine samples in individual vineyards. 'Not_Assigned' are taxa not 
identified at the genus level, while 'Others' are taxa not among the 14 most abundant taxa. 
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Taxonomic composition of the bacterial community  

Most bacteria belonged to the phylum Proteobacteria (diseased 70% - GTD escape 69%). 

Other phyla represented were Actinobacteriota (diseased 20% - GTD escape 14%), 

Bacteroidota (diseased 7% - GTD escape 15%), while Firmicutes had lower representation with 

1.5% of ASVs in diseased samples and less than 1% of ASVs in GTD escape samples. Overall, 

the bacteria were assigned to 252 genera. Pseudomonas (24%) had the highest relative 

abundance in GTD escape vines, followed by Sphingomonas (9%), Hymenobacter (7%), 

Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (ANPR) (5%) and 

Hafnia_Obesumbacterium (5%). Among the diseased vines, the genera with the highest 

relative abundance were Pantoea (10%), Acinetobacter (9%), Pseudomonas (9%), 

Sphingomonas (8%) and ANPR (6%) (Figure 3.3). 

Pseudomonas (GTD escape 24% - diseased 9%), Hymenobacter (GTD escape 7% - diseased 3%) 

and Hafnia_Obesumbacterium (GTD escape 5% - diseased 1%) had the highest differences in 

relative abundance in GTD escape vines compared to diseased vines. In contrast, Pantoea 

(diseased 10% - GTD escape 1%), Acinetobacter (diseased 9% - GTD escape 0.1%), 

Curtobacterium (diseased 4% - GTD escape 1%) and Pseudonorcadia (diseased 4% - GTD 

escape 0.04%) had the highest difference in relative abundance in diseased vines compared 

to the GTD escape vines. The higher relative abundance of Hymenobacter in the GTD escape 

samples was consistent across all the vineyards, while the trend was found in two vineyards 

for Pseudomonas (Figure 3.4). Pantoea and Curtobacterium had higher relative abundance in 

diseased vines in all the vineyards (Figure 3.4). Due to the inconsistency observed with 

Pseudomonas, the distributions of all ASVs classified as Pseudomonas were further 

investigated across vineyards and in individual vineyards. In the Sherwood Estate vineyard 

alone, one Pseudomonas ASV (ASV_7) closely matching P. syringae dominated the diseased 

samples (Appendices C.3 ς 4). 
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Figure 3.3 The relative abundance of the 14 most abundant bacterial genera in the woody trunk tissue 
of diseased and candidate GTD escape vine samples. ANPR is Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium, 'Not_Assigned' are taxa not identified at the genus level, while 'Others' are 
taxa not among the 14 most abundant taxa. 
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Figure 3.4 The relative abundance of the 14 most abundant bacterial genera in the woody trunk tissue 
of diseased and candidate GTD escape vine samples in individual vineyards. ANPR is Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, 'Not_Assigned' are taxa not identified at the genus level, 
while 'Others' are taxa not among the 14 most abundant taxa. 
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3.3.3 Diversity and richness of microbial communities 

The fungal communities' richness, but not the diversity, significantly differed between the 

diseased and GTD escape samples (Figure 3.5). The GTD escape samples had a significantly 

higher fungal richness than the diseased samples (Observed: p = 0.0164, Mann-Whitney 

statistic = 251.5; Chao1: p = 0.0141, Mann-Whitney statistic = 248). However, the Shannon 

and Simpson diversity measures of the fungal communities were not significantly different 

between the GTD escape and diseased samples (Shannon: p = 0.785, Mann-Whitney statistic 

= 294); Simpson: p = 0.1134, Mann-Whitney statistic = 306). The bacterial samples did not vary 

in richness (Observed: p = 0.8745, Mann-Whitney statistic = 385.5; Chao1: p = 0.7550, Mann-

Whitney statistic = 395.5) or diversity (Shannon: p = 0.5631, Mann-Whitney statistic = 337; 

Simpson: p = 0.6493, Mann-Whitney statistic = 345) between the GTD escape and diseased 

samples (Figure 3.6). No differences were observed across vineyards (Appendix C.5). 
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Figure 3.5 Alpha diversity of fungal samples from woody trunk tissue of diseased and candidate GTD 
escape vine samples at the amplicon sequence variant level using A: Observed, B: Chao1, C: Shannon 
and D: Simpson indexes. 
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Figure 3.6 Alpha diversity of bacterial samples from woody trunk tissue of diseased and candidate GTD 
escape vine samples at the amplicon sequence variant level using A: Observed, B: Chao1, C: Shannon 
and D: Simpson indexes. 

 

The PCoA analysis showed that fungal beta diversity was significantly different between 

diseased and candidate GTD escape vines (p = 0.043, R2 = 0.029) and between Canterbury and 

Hawke's Bay vineyards (p = 0.001, R2 = 0.140) ( 

Figure 3.7). The region was the most significant factor (p = 0.001) that influenced the structure 

of the fungal communities, explaining 14% of the total variance in the dataset, compared to 

the 2.9% variance explained by diseased and GTD escape variables (p = 0.043). Similarly, the 

bacterial community structure of the GTD escape samples was significantly different from the 

diseased community (p = 0.008, R2 = 0.025). There was also a significant difference in the 

bacterial communities in Canterbury and Hawke's Bay regions (p = 0.003, R2 = 0.028) (Figure 

3.8).  The cultivars also influenced the fungal, but not the bacterial, community structure 

(Appendices C.6 ς 7). 
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Figure 3.7 Principal coordinate analysis plot based on the Bray-Curtis dissimilarity index showing the 

distances between the fungal communities of (A) diseased and candidate GTD escape vine trunk 

samples and (B) Canterbury and Hawke's Bay's samples. Each coloured shape represents an individual 

sample. 
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Figure 3.8 Principal coordinate analysis plot based on the Bray-Curtis dissimilarity index showing the 
distances between the bacterial communities of (A) diseased and candidate GTD escape vine samples 
and (B) Canterbury and Hawke's Bay's samples. Each coloured shape represents an individual sample. 
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3.3.4 Differential abundance analysis 

edgeR 

The edgeR analysis revealed that the top differentially abundant fungal taxon between 

diseased and GTD escape communities was Eutypa. The taxon had significant fold changes in 

the diseased vines and can be used to differentiate the diseased community from the GTD 

escape ones. Other notable fungal taxa with significant fold changes in the diseased vines were 

Ramularia, Diaporthe, Phaeomoniella, Diplodia, and Neofusicoccum (Appendix C.8.1). 

Significant fold changes in the GTD escape samples were observed in genera such as 

Clonostachys, Cladosporium, Rhodotorula, and Seimatosporium (Figure 3.9). Furthermore, 

regional analysis revealed distinct patters: Phaeomoniella was one of the top differentially 

ŀōǳƴŘŀƴǘ ŦǳƴƎŀƭ ƎŜƴŜǊŀ ƛƴ IŀǿƪŜΩǎ .ŀȅΣ ǿƘƛƭŜ Seimatosporium and Eutypa were differential 

for Canterbury. Notably, unique Eutypa ASVs were differentially abundant in the two regions 

(Appendix C.8.2). In the bacteria dataset, the significant fold changes in the GTD escape 

community were observed in ASVs belonging to Pseudomonas, with ASVs belonging to other 

genera such as Massilia, Mucilaginibacter, and Sphingomonas also differentially abundant in 

the GTD escape samples. Acinetobacter and Pantoea had significant fold changes in diseased 

vines (Figure 3.10; Appendix C.8.3). The regional analyses showed that ASVs belonging to 

genera such as Izhakiella, Sphingomonas, Pseudomonas, and Pseudonorcadia were associated 

with IŀǿƪŜΩǎ .ŀȅΣ ǿƘƛƭŜ !{±ǎ ōŜƭƻƴƎƛƴƎ ǘƻ ƎŜƴŜǊŀ ǎǳŎƘ ŀǎ Segetibacter, Sphingomonas, 

Larkinella, and families such as Sporichthyceae, Alcaligenaceae, and Methylopilaceae were 

differentially abundant in Canterbury (Appendix C.8.4) 
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Figure 3.9 The differentially abundant fungal amplicon sequence variants (ASV) between diseased and 
GTD escape vine trunk samples, as identified by edgeR. The red and blue points are the ASVs that 
showed large-fold changes with statistical significance (p-value < 0.05) in the diseased and candidate 
GTD escape samples, respectively. The black points are ASVs that were not differentially abundant in 
the two groups. The grey line is the y-intercept of -log10(p-value). The top ASVs have been annotated 
with their taxonomic information. However, for readability purposes, this was only done for some of 
the ASVs. 
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Figure 3.10 The differentially abundant bacterial amplicon sequence variants (ASV) between diseased 
and GTD escape vine trunk samples, as identified by edgeR.  The red and blue points are the ASVs that 
showed large-fold changes with statistical significance (p-value < 0.05) in the diseased and candidate 
GTD escape samples, respectively. The black points are ASVs that were not differentially abundant in 
the two groups. The grey line is the y-intercept of -log10(p-value). The top ASVs have been annotated 
with their taxonomic information.  

DESeq2 

The DESeq2 analysis showed that four ASVs corresponding to E. lata and one ASV 

corresponding to Alternaria terricola were the differentially abundant fungal taxa in the 

diseased communities. No fungal ASV was identified to be differentially abundant in the GTD 

escape samples (Figure 3.11; Appendix C.8.5). Regional analysis revealed Phaeomoniella to be 

differentially abundant in IŀǿƪŜΩǎ .ŀȅΣ ǿƘƛƭŜ Seimatosporium was differentially abundant in 

Canterbury (Appendix C.8.6). Only one bacterial ASV, Pseudomonas ASV_21, was differentially 

abundant in the GTD escape samples. One Pseudomonas ASV (ASV_7) was also associated 

with the diseased samples, while other bacterial genera such as Acinetobacter, Pantoea, 

Sphingomonas, and Mucilaginibacter showed significant fold changes in the diseased 

community (Figure 3.12; Appendix C.8.7). The Pseudomonas ASV associated with escape vines 

(ASV_21) was differentially abundant in IŀǿƪŜΩǎ .ŀȅ ƛƴ ǘƘŜ ǊŜƎƛƻƴŀƭ ŀƴŀƭȅǎƛǎ ό!ǇǇŜƴŘƛȄ /ΦуΦ8). 
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