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Abstract 

The effect of hot water treatment (HWT) of grapevine propagation material on 
endophytic bacterial communities and susceptibility to Botryosphaeria dieback 

 
by  

Fernan Paniagua Madrigal 
 
Grapevine trunk diseases (GTDs) are a major economic issue for grapevine production worldwide. 

Within this group is Botryosphaeria dieback, currently known to be caused by 10 different fungal 

genera, is an important disease in New Zealand vineyards. Neofusicoccum luteum and N. parvum 

have been identified as the most common and virulent species both in vineyards and nurseries in 

New Zealand. Botryosphaeriaceae species can produce spore inoculum throughout the year and can 

infect grapevines at all crop stages. In addition, these pathogens can be introduced into vineyards 

through infected propagation material. 

Hot water treatments (HWT) are carried out by nurseries to reduce the incidence and infection of the 

planting material by pathogenic bacteria, fungi and nematodes. The overall hypothesis of this study 

was that HWT can also affect the communities of microbial endophytes colonising the grapevine 

propagation material as well as causing physiological effects on the grapevine propagation material. 

Both factors may affect the susceptibility of the grapevine canes to subsequent challenge by the GTD 

pathogens N. luteum and N. parvum. 

The first aim of this research was to determine the effect of HWT on the susceptibility of grapevine 

canes to Botryosphaeriaceae infection. For this, Neofusicoccum luteum isolate CC445 and N. parvum 

isolate G69a1, both highly pathogenic isolates, were inoculated onto hot water treated Sauvignon 

blanc and Pinot noir dormant and rooted canes. The susceptibility of the planting material to 

Neofusicoccum spp. infection was determined by measuring infection progression. Results for 

dormant canes demonstrated a higher (p=0.025) colonisation by Neofusicoccum spp. in Pinot noir 

than in Sauvignon blanc. The HWT’s at 48⁰C x 30 min, 50⁰C x 15 min and 50⁰C x 30 min resulted in 

greater (p<0.001) length of tissue colonised by the pathogens compared to the non-HWT control. For 

rooted canes, the interaction between cultivar and HWT was significant for cane growth variables.  

Across all treatments, the number of shoots per cane and E-L number were greater (p<0.001) for 

Sauvignon blanc when compared to Pinot noir. A significant decrease (p<0.05) in the number of 

shoots per cane was found for Pinot noir canes treated at 50⁰C x 30 min compared to the other 

HWT’s, but no differences were found for Sauvignon blanc. Further, for each HWT the percentage of 
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canes which developed shoots and roots were also higher in Sauvignon blanc. The assessment of 

pathogenicity was completed only for Sauvignon blanc as the Pinot noir plants did not re-sprout after 

winter dormancy. The length of tissue colonised by the pathogens was higher (p<0.05) for Sauvignon 

blanc rooted canes treated at 50⁰C compared to non-HWT canes. For both dormant (p=0.001) and 

rooted (p= 0.034) canes, N. parvum G69a1 was showed to be more pathogenic than N. luteum 

CC445. 

The second aim was to estimate the effect of HWT on the endophytic bacteria colonising dormant 

canes. This was determined by culture-dependent and culture-independent (PCR-DGGE) methods. 

The ability of culturable bacterial isolates to inhibit the growth of N. luteum and N. parvum was 

determined using dual plate assays. Twelve isolates showed medium to high antagonistic (++, +++) 

activity against Neofusicoccum spp. No isolates showing high inhibition (+++) were recovered from 

canes treated at 50⁰C. 16S sequencing and phylogenetic analysis revealed that 10 bacterial isolates 

were identified as Bacillus sp. and 1 as Streptomyces sp. PCR-DGGE analysis demonstrated a higher 

total bacterial richness (p<0.001) for Pinot noir in each HWT excluding the non-HWT control. For both 

total and gamma (γ)-proteobacteria communities’ similarity, the interaction between cultivar and 

HWT was significant (p=0.001), both factors significantly affecting (p<0.005) community similarity 

when analysed independently as well. For Pinot noir, the communities from the HWT canes were 

more homogenous, tending to cluster more tightly, compared with the community from the non-

HWT canes. 

The findings of this study indicate that HWT increased the susceptibility of dormant and rooted canes 

to Neofusicoccum spp. infection. Despite HWT causing changes to the endophytic bacterial richness 

and community similarity, the increase in the susceptibility of the propagation material to pathogen 

infection after HWT cannot be completely ascribed to these changes in the endophytic bacterial 

communities. The effect of HWT on canes growth observed in the study indicates that changes in the 

physiology of the canes could be associated with the increased susceptibility to Botryosphaeria 

dieback and further study is required in this area. 

This study provided valuable information to the viticulture industry that HWT at 50⁰C not only 

negatively affects the growth and establishment of grapevine propagation material but also 

increased the susceptibility of the material to infection by Botryosphaeriaceae. Based on the results 

of the study it is recommended that if HWT of propagation material is required then for cool climate 

viticulture regions a lower temperature protocol should be implemented. 

Keywords: Neofusicoccum, botryosphaeria, grapevine trunk diseases (GTD), hot water treatment 

(HWT), nursery, endophytes, bacteria, DGGE, dual plates, Vitis vinifera.  
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Chapter 1 

Literature review 

1.1 Viticulture in New Zealand 

The grapevine (Vitis vinifera) industry in New Zealand represents an important economic activity for 

the country. According to the New Zealand Winegrowers Annual Report (2019), a total producing 

area of 38,680 ha and 716 wineries are distributed throughout the country (Figure 1.1). The value of 

exports in 2019 was estimated as NZ$1.825 billion, with an indirect income of NZ$3.26 billion 

generated by 776,599 international wine tourists. The grape varieties grown in New Zealand are 

predominantly of white wine grapes, with Sauvignon Blanc and Chardonnay being the main varieties 

accounting for 62.1% and 8.2% of the total producing hectares, respectively, while Pinot noir is the 

dominant red wine variety (14.5%), followed by Merlot (2.9%) (New Zealand Winegrowers Annual 

Report, 2019). 

 
Figure 1.1 Distribution of the grapevine production area (ha) throughout New Zealand (adapted from 
New Zealand Winegrowers 2018). 
 

As with any other crop, diseases of grapevines are limiting factors to production and can result in 

substantial production losses. Worldwide, grapevine trunk diseases (GTD), including Botryosphaeria 

dieback, result in significant economic losses to the wine industry (Bertsch et al. 2013). 
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1.2 Grapevine trunk diseases (GTD) 

Grapevine trunk diseases (GTD) are a major cause of production losses for the wine industry (Nerva 

et al. 2019, Reis et al. 2019). They are present in all the main grapevine growing areas including 

Oceania, China, Europe, North and South America (Bertsch et al. 2013). The infection of plants by 

GTD pathogens is mostly through pruning wounds, but can also occur through buds, stomata and 

lenticels (Slippers & Wingfield 2007). The diagnosis is difficult at early stages as foliar symptoms 

resemble those caused by abiotic stresses and nutrient deficiencies (Gramaje et al. 2018). 

Furthermore, symptom expression often takes place when the woody organs (trunk, cordons, spurs) 

are colonized and/or plants are exposed to stress. Therefore, the occurrence of asymptomatic plants 

complicates the detection and control of GTD (Mondello et al. 2018). Distinctive symptoms such as 

cankers develop with time (Moralez-Cruz et al. 2015), with infection generally occurring at least one 

year before symptom expression (Mundy 2011). 

Once a plant is affected by GTD, the only method to eliminate the infected tissue is by physically 

cutting out affected organs. However, in worst cases it is recommended to remove the whole vine 

(Billones-Baaijens & Savocchia 2018, Block et al. 2013). Evaluation of cultural, biological and chemical 

methods to both protect vines from GTD infection and decrease inoculum levels have been widely 

studied, however they remain difficult to effectively manage (Daraignes et al. 2018, Gramaje et al. 

2018). 

GTD can be caused by a broad range of different wood-infecting fungi and are therefore classified 

into several groups (Travadon et al. 2013). These include Petri disease, Black foot disease, Esca 

disease complex, and dieback caused by Phomopsis, Eutypa or Botryosphaeria pathogens (Gramaje 

et al. 2018). Co-infection between GTD causal agents has been reported in grapevine plants (Bertsch 

et al. 2013), for instance, Whitelaw-Weckert et al. (2013) isolated Diplodia spp. and Ilyonectria spp. 

from young grafted plants. Of these, Botryosphaeria dieback is an important disease in New Zealand 

vineyards causing major economic losses (Mundy & Manning 2007). The pathogens can produce 

inoculum throughout the year (Amponsah et al. 2009a), affecting all stages of grapevine production, 

including in nurseries (Billones-Baaijens et al. 2013a, 2015). 

 

1.3 The Botryosphaeriaceae fungi 

Taxonomically, the Botryosphaeriaceae include a wide range of fungal genera, with 187 species from 

23 genera being reported (Dissanayake et al. 2016). Currently, 26 species from the genera 

Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia, Neofusicoccum, Neoscytalidium, 

Phaeobotryosphaeria and Spencermartinsia are reported to be associated with Botryosphaeria 

dieback in grapevines (Gramaje et al. 2018).  
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Botryosphaeriaceae species are typically associated with infection of a broad range of woody plants 

(Phillips et al. 2013), however they have also been reported to infect non-woody hosts (Slippers et al. 

2017, Yang et al. 2017). The hosts they are reported to infect are diverse, including economically 

important crops such as almond (Gramaje et al. 2012), avocado (McDonald et al. 2009, Auger et al. 

2013), banana (Sangeetha et al. 2012), blueberry (Tennakoon et al. 2018), Citrus spp. (Adesemoye et 

al. 2014), coffee (Santamaría & Bayman 2005), cork oak (Serrano et al. 2015), eucalyptus (Marsberg 

et al. 2017), kiwifruit (Pennycook & Samuels 1985), mangrove (Osorio et al. 2017), marula, mango 

(Mehl et al. 2017), papaya (da Silva-Pereira et al. 2012), peach (Britton & Hendrix 1986), pear, apple 

(Cloete et al. 2011), aloe, pine, pistachio, (Slippers et al. 2017), and ornamental trees (Mehl et al. 

2014, Zlatković et al. 2016). 

Major grapevine growing regions around the world are affected by the Botryosphaeriaceae, with 

their presence well documented in Africa (Cloete et al. 2011, Rezgui et al. 2018), Asia (Yan et al. 

2013), Australasia (Castillo-Pando et al. 2001, Baskarathevan et al. 2012b, Billones-Baaijens & 

Savocchia 2018), Europe (Phillips 2002, Gramaje et al. 2010a), North America (Gubler et al. 2005, 

Lawrence et al. 2017) and South America (Correia et al. 2013). Reports of vineyards with 100% 

incidence (Úrbez-Torres 2011) support their importance as major factors limiting grapevine 

production. However, the relative incidence and pathogenicity of different Botryosphaeriaceae 

species on grapevines are reported to vary in different countries (Úrbez-Torres 2011). 

 

1.3.1 Botryosphaeriaceae species in New Zealand  

The first Botryosphaeriaceae species detected in New Zealand was N. parvum, isolated from avocado 

in 1974 in Gisborne (Baskarathevan et al. 2012b). Pennycook & Samuels (1985) reported 

Botryosphaeria and Fusicoccum species associated with ripe fruit rot of kiwifruit. The first report of a 

Botryosphaeriaceae species affecting grapevines was as causal agents of bunch rots in 1987 

(Buchanan & Beever 1987), but the specific causal agent was not determined. However, the species 

was subsequently confirmed by Phillips et al. (2002) as N. luteum (Mundy & Manning 2010). 

The first report of the causal agents of Botryosphaeria dieback of grapevines in New Zealand was 

made by Bonfiglioli & McGregor (2006). This study documented the presence of B. dothidea, B. lutea 

(syn. N. luteum), B. parva (syn. N. parvum), B. obtusa (syn. D. seriata) and B. stevensii (syn. D. mutila). 

Apart from B. dothidea, Amponsah et al. (2008, 2009b) isolated the same fungal species from 

grapevine and non-grapevine hosts and made the first report of N. australe. A comprehensive survey 

across the main wine growing areas by Baskarathevan et al. (2012a) confirmed the species reported 

by Amponsah et al. (2011) and in addition B. dothidea, N. ribis, Do. iberica and Do. sarmentorum to 

be associated with grapevine decline and dieback. Botryosphaeriaceae were found in 88% of the 

vineyards but their populations differed between the North and South Islands. Neofusicoccum 
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parvum was reported as the most widely distributed species, being present in all six regions. A survey 

of grapevine nurseries recovered the same species, along with N. macroclavatum (Billones-Baaijens 

et al. 2013a). In this study, 23% of the nursery propagation samples were infected, with N. luteum 

detected in 57% of them, and at least one Botryosphaeriaceae species found in each nursery. The 

high incidence and distribution of Botryosphaeriaceae species in New Zealand grapevine nurseries 

indicate that these might represent an important mechanism by which these pathogens are 

dispersed into vineyards (Billones-Baaijens 2011, Gramaje & Armengol 2011). This is similar to that 

reported for blueberry by Tennakoon et al. (2018), where N. australe, N. luteum, N. ribis and N. 

parvum were isolated from both orchard and nursery plant material. 

Of the 26 Botryosphaeriaceae species that cause Botryosphaeria dieback of grapevines worldwide 

(Gramaje et al. 2018), ten have been reported in New Zealand (Table 1.1, Mundy et al. 2020). 

Burgess et al. (2018) reported 18 Botryosphaeriaceae species infecting V. vinifera plants in Australia. 

Of which, B. dothidea, D. mutila, D. seriata, Do. iberica, N. australe, N. luteum and N. parvum have 

been reported in New Zealand.  

Table 1.1 Botryosphaeriaceae species associated with Botryosphaeria dieback of grapevines reported 
in New Zealand.  

Anamorph Teleomorph 

Fusicoccum aesculi Botryosphaeria dothidea1345 

Neofusicoccum australe2345 Botryosphaeria australis2 

Neofusicoccum luteum345 Botryosphaeria lutea12 

Neofusicoccum ribis35 Unknown 

Neofusicoccum macroclavatum45 Unknown 

Neofusicoccum parvum345 Botryosphaeria parva12 

Diplodia mutila345 Botryosphaeria stevensii12 

Diplodia seriata345 Botryosphaeria obtusa12 

Dothiorella sarmentorum35 Botryosphaeria sarmentorum 

Dothiorella iberica35 Botryosphaeria iberica 

1. Bonfiglioli & McGregor (2006), 2. Amponsah et al. (2008, 2009b), 3. 
Baskarathevan et al. (2012a), 4. Billones-Baaijens et al. (2013a), 5. Mundy et 
al. (2020). 

 

1.3.2 Symptoms 

Botryosphaeriaceae species cause shoot dieback and cankers in the perennial wood, which in cross-

section are V-shaped or wedge-shaped similar to those caused by Eutypa dieback (Compant et al. 

2013) (Figure 1.2). However, typical symptoms of Eutypa such as stunted shoots with short 

internodes and cupped and chlorotic leaves, often referred to as witches broom symptoms, are 

absent (Moralez-Cruz et al. 2015). Other external symptoms include death of canes and shoots, poor 

spur growth, bleached canes, necrosis of leaf and flower buds, delayed bud burst and reduced bunch 
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set (Phillips 1998, Aroca et al. 2006, Amponsah et al. 2011). Botryosphaeriaceae species have also 

been reported to cause berry or bunch rots in France (Dubos et al. 2001), the USA (Hewitt 1988) and 

Australia (Wunderlich et al. 2011). Although Botryosphaeriaceae species have been reported as 

causal agents of bunch rots in New Zealand (Buchanan & Beever 1987 as cited in Mundy & Manning 

2010), this symptom is not widely reported in vineyards but has been produced experimentally in 

vines grown under glasshouse conditions (Amponsah et al. 2012a, Shafi 2016). Infected berries first 

develop a light brown rot then eventually dry out and become mummified with black pycnidia 

appearing as black spots (measles) on them (Amponsah et al. 2012a). 

 
Figure 1.2 Typical symptoms of Botryosphaeriaceae spp. infection a) shoot dieback, b) external trunk 
canker, c) internal V-shaped lesion and d) dead arm. [Photographs: Nicholas Amponsah (a), Damola 
Adejoro (b), Seelan Baskarathevan (c) and Marlene Jaspers (d)]. 
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1.3.3 Epidemiology 

In vineyards, ascospores and conidia from perithecia or pycnidia, respectively, are released from the 

surface of infected woody organs. Pruning shoots and debris are reported to be the main inoculum 

sources (Elena & Luque 2016). The release typically takes place under high humidity, rainy weather 

and temperatures above 0°C (van Niekerk et al. 2010, 2011). The presence of ascospores has not 

been reported in New Zealand vineyards, with conidia being reported as the main inoculum sources 

in vineyards (Amponsah et al. 2009a, Shafi et al. 2017). Botryosphaeriaceae species are generally 

considered as wound pathogens, with spores infecting vines through wounds especially pruning 

wounds resulting in the colonisation of the underlying woody tissue leading to dieback and eventual 

death of the vines (Úrbez-Torres 2011). However, recent research by Shafi (2016) has indicated that 

Neofusicoccum spp. are able to colonise the bark and then penetrate the underlying woody tissue 

through lenticels. This is supported by work on other hosts such as apple (Kim et al. 1999) with 

infection reported to occur through lenticels. 

Shafi et al. (2017) reported that Neofusicoccum and Diplodia species oozed conidia from pycnidia on 

naturally infected canes in the vineyard during or after rainfall events, when temperatures and 

relative humidity (RH) ranged between 8-20°C and 77-95%, respectively. Grapevine shoot tissue 

infected by different isolates of N. luteum and N. parvum were reported to exude more conidia at 

100% RH than 80%, and at higher (25°C) than lower (10°C) temperatures (Shafi et al. 2018). Similarly, 

Copes & Hendrix (2004) observed that although B. dothidea, B. obtusa, and B. rhodina sporulated 

between 6 and 30°C, the overall maximum spore production occurred at 24°C. A spore-trapping 

study made in Chile registered peaks of Spencermartinsia viticola, D. seriata and Neofusicoccum sp. 

conidia during winter and autumn, which were associated with rainfall of greater than 0.2 mm 

(Valencia et al. 2015). In Brazil, Silva et al. (2019) found conidia of Diplodia spp. and Lasiodiplodia 

spp. in all the spore trap samples taken over a 13-month period. Neofusicoccum spp. conidia was also 

found but less frequently. For Diplodia spp. there was a significant correlation between the amount 

of rain and number of conidia. In California, Úrbez-Torres et al. (2010a) found that spore release was 

strongly correlated with precipitation, coinciding with the first rainfall events in autumn until the last 

ones in late spring. However, 60% of the Botryosphaeriaceae spores were trapped during winter. In 

New Zealand, Amponsah et al. (2009a) trapped Botryosphaeriaceae conidia throughout the year but 

in higher numbers in the summer. Overall, Neofusicoccum spp. and Diplodia spp. represented 60% 

and 40% of the samples, respectively. The production and release of conidia varies depending on the 

species of Botryosphaeriaceae, geographic location, season and management practices. However, 

the presence of conidia and the climatology throughout New Zealand’s grapevine growing areas is 

likely to be conducive to year-round infection of vines (Amponsah et al. 2009a).  

The conidia are generally splash dispersed within the vineyard to infect grapevine tissues and have 

been reported to adhere rapidly to a range of different surfaces (Sammonds et al. 2016). Further, the 
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adhesion process was reported to be relatively non-specific, which was suggested to reflect the 

ability of these pathogens to infect a range of tissues including wounds and intact buds, fruit and 

flowers. For instance, N. luteum can infect and colonize leaf surfaces, lower and leaf buds, flowers, 

pruned cane ends, wounded berries, shoots and trunks (Amponsah et al. 2012a). Conidia were also 

observed to rapidly germinate on a range of different substrates indicating that specific plant host 

signals were not required to initiate germination (Sammonds et al. 2019). However, Amponsah et al. 

(2010) reported that the exposure of N. luteum, N. australe and D. mutila conidia to 7 hours of direct 

sunlight reduced conidial germination to 35% compared with 57% and 81% in filtered sunlight and 

shade, respectively. Furthermore, a RH of 100% was shown to be optimum for germination. A RH of 

93% for 24 hours resulted in a germination of 44%, with no germination observed at 84% RH. The 

differences within the species of Botryosphaeriaceae were reported to be relatively minor 

(Amponsah 2010, Amponsah et al. 2010). According to Úrbez-Torres et al. (2010b) conidial 

germination for most species of Botryosphaeriaceae generally occurs over the range between 10 and 

35°C. The highest conidia germination rates were observed to be at 40°C for pigmented L. 

theobromae, 30°C for hyaline L. theobromae, N. parvum, D. seriata, D. mutila, 25-30°C for S. viticola, 

and 25°C for Do. iberica and B. dothidea.  

Once the Botryosphaeriaceae pathogens have penetrated and infected the grapevine plant they can 

rapidly colonise the plant tissue. For instance, N. luteum has been isolated 70 cm from the 

inoculation site after four months, the time it also took for the first symptom of shoot necrosis to be 

observed on the plants (Amponsah et al. 2012a). Incubation at an RH of 95% was reported to result 

in greater N. luteum colonisation compared with at ambient 78% RH (Amponsah et al. 2014). 

According to Qiu et al. (2016) the optimum temperatures for growth of D. seriata, N. parvum, L. 

theobromae and B. dothidea are 28, 30, 31 and 32°C, respectively, although as with conidial 

germination are able to grow over a wide temperature range, and therefore colonise the host tissue. 

Further, Amponsah et al. (2011) reported that N. luteum, N. australe, N. parvum, and D. mutila were 

able to infect Sauvignon blanc, Riesling, Pinot noir, Chardonnay and Cabernet sauvignon varieties. 

However, the different species showed different levels of pathogenicity, with N. parvum being the 

most aggressive overall. Additionally, the pathogenicity of different isolates within each 

Botryosphaeriaceae species have been reported to differ (Úrbez-Torres & Gubler 2009, 

Baskarathevan et al. 2012, Billones-Baaijens et al. 2013b).  
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1.4 Control of Botryosphaeria dieback in the vineyard 

The control of Botryosphaeria dieback in the vineyard is difficult. All commonly grown cultivars are 

susceptible and as symptoms can appear 1 or 2 years after infection, the dissemination of infected 

cuttings from asymptomatic plants further complicates the management (Billones-Baaijens & 

Savocchia 2018). Cultural strategies specifically associated with pruning and treatment of the wounds 

created are crucial in reducing the spread of inoculum and infection through these wounds (Úrbez‐

Torres et al. 2006, Smart 2015, Elena & Luque 2016, Bowman 2017). Timing of pruning is critical 

when managing Botryosphaeria dieback, and the application of chemical or biological products 

immediately after is a fundamental control strategy (Gramaje et al. 2018). There are no chemical 

products registered specifically for control of Botryosphaeria dieback in grapevines in New Zealand 

(Novachem, 2019). However, there are active ingredients reported to be effective that are registered 

against other diseases, such as captan, carbendazim, chitosan, cyproconazole, fluazinam, mancozeb 

and a seal containing tebuconazole and octhilinone. Several copper-based products are registered 

against Botryosphaeria dieback for kiwifruit, but not for grapevines. The only product registered 

against Botryosphaeria dieback in New Zealand is a biological control product, Vinevax®, with 

Trichoderma atroviride as the active ingredient. Other biocontrol agents registered for grapevines 

include Bacillus subtilis KTSB and B. amyloliquefaciens but there is no information regarding their 

activity against Botryosphaeriaceae (Novachem 2019).  

Although the number of biocontrol products registered against Botryosphaeria dieback are limited, a 

few studies have evaluated the effectiveness of biocontrol agents, especially Trichoderma spp. to 

protect against wound infection. According to Mondello et al. (2017), B. subtilis, T. atroviride and T. 

harzianum are the only biocontrol agents that have shown effectiveness for wound protection 

against Botryosphaeria dieback. Kotze et al. (2011) applied T. atroviride USPP-T1 to wounds 7 days 

before conidial inoculation with N. australe, N. parvum, D. seriata and L. theobromae. Eight months 

after inoculation, incidence was reduced by 78%, 80%, 85% and 92%, respectively, compared with 

the uninoculated control, and higher than the control achieved by benomyl. Trichoderma album, T. 

harzianum and B. subtilis were shown to be effective in the control of L. theobromae when used as a 

preventive measure, but no effect when plants were already affected by Botryosphaeria dieback (El-

Habbaa et al. 2016). Mutawila et al. (2016) recommended applying Trichoderma inoculum within six 

hours after pruning because this allows the biocontrol agent to colonise the wound tissue more 

effectively.  

The timing of application of control products is critical (Baumgartner et al. 2019), not only for 

biological control agents, but also for chemicals. Ayres et al. (2017) inoculated wounds with N. 

parvum on the day of pruning and then treated them with pyraclostrobin, fluazinam and 

tebuconazole 1, 3, 6 and 14 days after punning and concluded that an application inmediatly after 

pruning was the most effective. Since mother vines can act as an inoculum reservoir for subsequent 
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infection of scion or rootstock cuttings, the use of chemical fungicides for wound protection in 

mother vines is also an effective method to manage inoculum (Gramaje & Armengol 2011). However, 

63% of European nurseries do not use them (Gramaje & Di Marco 2015). There are several active 

ingredients that have shown reliable control after pruning, such as pyraclostrobin for Dothiorella 

viticola and thiophanate-methyl for B. dothidea, D. seriata, and L. theobromae (Rolshausen et al. 

2010). Mancozeb, thiophanate-methyl, tebuconazole, carbendazim and flusilazole were shown to 

reduce N. luteum infection, by 80%, 87%, 93% and 100%, respectively (Amponsah et al. 2012b). 

Flusilazole is not registered in New Zealand for use in grapes but it is for other crops (Novachem 

2018). Pitt et al. (2012) reduced Diplodia seriata and D. mutila infection of freshly cut pruning 

wounds from 41% to 65% using carbendazim, cyproconazole + iodocarb fluazinam and tebuconazole. 

El-Habbaa et al. (2016) tested the efficiency of fungicides against L. theobromae and found that 

carbendazim, thiophanate-methyl and cupric hydroxide were the most effective. Mondello et al. 

(2017) summarized the most effective fungicides for wound protection against Botryosphaeria 

dieback which included thiophanate-methyl, iprodione, mancozeb, prochloraz, pyraclostrobin, 

tebuconazole, cyproconazole+iodocarb, boric acid, chitosan and Allium sativum extract. Commercial 

products are limited, and studies regarding sustainable strategies are scarce, particularly those 

developed in the vineyard (Zanzotto & Morroni 2016, Perlot et al. 2017).  

Sosnowski & Mundy (2019) established the first study that investigated the control of Botryosphaeria 

dieback using tractor-driven sprayers. The application of carbendazim to wounds using paintbrushes 

achieved similar control to that obtained with tractor-driven sprayers where applications are made 

one day after-pruning. Furthermore, fluazinam, tebuconazole, carbendazim, mancozeb and 

flusilazole paintbrush applications achieved up to 93% control of N. parvum.  

Botryosphaeria dieback infection can be reduced using double pruning. This method consists of a 

pre-pruning made at the end of autumn or early winter and a second cut at the end of winter that 

leaves only two bud canes. (Mondello et al. 2017). Úrbez‐Torres & Gubler (2009) evaluated and 

supported the efficacy of double pruning in Chardonnay and Cabernet sauvignon cultivars to reduce 

L. theobromae and N. parvum infections. They also recommended pruning in late winter to reduce 

the infection by L. theobromae and N. parvum (Úrbez‐Torres & Gubler 2011) as the normal timing of 

this practice overlaps with periods of higher spore release (Úrbez-Torres et al. 2010a). Further, the 

length of time the wounds remain susceptible to infection is shorter for wounds created in later 

winter than earlier in the dormant season.  

In severe infections, re-trunking is a corrective measure that can be carried out. Treated vines can 

reach the productivity levels of non-treated ones in 3 years (Mondello et al. 2017). In New Zealand, 

Sosnowski & McCarthy (2017) determined that the cost of re-trunking is less than the cost of 

replacing. This method is an effective alternative when GTD are relatively established in vineyards. 
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1.5 Control of Botryosphaeria dieback in nurseries 

Cultural, biological and chemical strategies to control Botryosphaeriaceae infection of nursery 

propagation material are crucial for the successful establishment of newly planted vineyards (Waite 

et al. 2013b). Delays in the transport and storage of propagation material increase the risk of 

contamination (Waite et al. 2015). The soaking of rootstock and scion cuttings in water when they 

arrive at the nursery and before storage reduces inoculum dispersal, and keeps the material 

hydrated. However, 50% of European nurseries do not soak planting material, and even less clean 

hydration tanks through the season, increasing the risk of cross-contamination (Gramaje & Di Marco 

2015). However, the importance of soaking cuttings has also been questioned in other studies (Waite 

et al. 2013b, Waite & Morton 2007). Waite et al. (2013a) found that the soaking water contained 

higher numbers (colony forming units; cfu) of bacteria and fungi just one hour after use. Although no 

detail was provided regarding the identity of the microorganism’ genera, these are likely to consist of 

both pathogens and other microorganisms which are present on and in the propagation material, 

illustrating that the soaking water can be a source of cross-contamination. Therefore, the addition of 

pesticides to the soaking water has been recommended to reduce GTD including Botryosphaeria 

infections (Waite et al. 2013a). 

High levels of nursery and storage hygiene are required during propagation to avoid failures in vine 

establishment (Waite & Morton 2007). To preserve cutting health, it is crucial to frequently clean 

hydration tanks and storage facilities (Gramaje & Di Marco 2015, Waite et al. 2013b). Pruning tools 

can also be responsible for dispersal of pathogens between infected material and healthy material. 

This was shown by Agustí-Brisach et al. (2015) whereby they inoculated pruning shears with Diplodia 

seriata and isolated the pathogen from the vines four months after pruning. Bronocide SP, a 

sterilizing agent, has been shown to be effective in disinfecting tools and controlling inoculum 

dispersal but not for sterilisation of planting material (Fourie & Hallen 2006).  

The grafting of grapevines is a meticulous task, with success depending on optimal timing, as well as 

sound cut quality, proper taping, the use of certified scion material, debarking of graft unions, 

removal of rootstock shoots and early tying and training of grafted roots (Hoare 2014). Avoiding 

material with poor graft unions and shaft lesions decrease the risk of infection by GTD (Stamp 2001). 

A high incidence of Botryosphaeriaceae fungi was found in tissue around the graft unions (Billones-

Baaijens et al. 2013a, Halleen & Fourie 2016). Grafted plants that go through biotic or abiotic stress 

are also more susceptible to GTD infections. Therefore, the control of high temperatures, humidity 

and darkness during callusing is necessary to reduce fungal reproduction and therefore cross 

contamination of the propagation material during this process as well as plant stress which can also 

increase plant susceptibility to pathogen infection (Waite et al. 2015). In mother vine fields, low 

replcament of infected plants and the growth of plant canes without trellising resulting in these 
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sprawling on the ground are likely to contribute to increased dispersal and contamination of 

propagation material (Waite et al. 2015). 

Billones-Baaijens et al. (2015) reported that carbendazim and tebuconazole completely controlled 

bark infections by N. luteum in inoculated canes. Furthermore, naturally infected canes soaked in a 

carbendazim solution for 30 min resulted in no Botryosphaeriaceae colonies being recovered, 

compared to 17% infection incidence in the non-soaked canes. Fourie & Hallen (2006) tested the 

efficiency of chemical and biological fungicides to reduce Botryosphaeriaceae infection when used 

for soaking the propagation material. Benomyl, captan and didecyl-dimethyl-ammonium-chloride 

were the most effective at reducing Botryosphaeriaceae infection. Halleen & Fourie (2016) suggested 

an integrated management using benomyl, didecyl-dimethyl-ammonium-chloride and Trichoderma 

sp. throughout all the propagation process. If benomyl is not available, carbendazim is 

recommended. Mondello et al. (2017) indicated thiophanate-methyl, didecyl-dimethyl-ammonium-

chloride, cyprodinil+fludioxionil and pyraclostrobin+metiram as the most efficient active ingredients 

reported to control Botryosphaeria dieback in nurseries. Further, broad spectrum fungicides and 

disinfectants, such as thiophanate-methyl, ziram, thiram, captan and triazoles limit GTDs when used 

during cuttings hydration. Gramaje et al. (2018) also recommended benomyl, captan, carbendazim, 

carbendazim+flusilazole. 

Vitaceae species including Vitis vinifera cultivars and hybrids have been produced using in vitro 

propagation methods such as tissue culture (Gray et al. 1985). Therefore, pathogen-free grapevine 

plantlets can be produced (Eibach & Töpfer 2010) and potentially contribute to the reduction of GTD 

in nurseries as has been shown for viruses (San Pedro et al. 2017). 

 

1.5.1 Hot water treatment (HWT) 

The use of hot water treatments in nurseries has been reported to be effective in controlling GTD 

including Botryosphaeria dieback (Bleach et al. 2013, Bruez et al. 2017, Crous et al. 2001, Elena et al. 

2015), phytoplasmas and nematodes (Waite & May 2005). Hot water treatments can increase the 

subsequent mortality of plants in the vineyard and it is suggested to implement them as a pre-

callusing procedure. The relative order of HWT and storage has also been shown to affect plant 

health. Furthermore, the temperature and timing of the HWT protocol must be established according 

to the grapevine variety (Waite & May 2005). Propagation material treated at 50⁰C for 30 min is a 

standard HWT. However, in warmer climates higher temperatures are used to guarantee GTD control 

(Elena et al. 2015). In contrast, in temperate climates such as in New Zealand, HWT has been 

reported to cause damage to propagation material (Waite & May 2005), which is thought to be 

related to a lower heat tolerance (Bleach et al. 2013). In Spain, Gramaje et al. (2014) studied the 

effect of HWT at 53⁰C for 30 min on the performance of dormant grafted plants. After four growing 
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seasons it was concluded that this treatment did not affect plant viability and production 

parameters. In New Zealand, Bleach et al. (2013) confirmed that 48.5⁰C for 30 min was effective at 

eliminating infection of dormant grapevines by the blackfoot pathogens Ilyonectria and 

Dactylonectria species (as Cylindrocarpon) with no negative effect on plant growth seen.  

Billones-Baaijens et al. (2015) examined the effectiveness of a range of hot water temperatures and 

timing protocols to control Botryosphaeriaceae infection of dormant canes under New Zealand 

conditions. Exposure of rootstock 5C dormant canes artificially infected with N. parvum and N. 

luteum to 50⁰C for 30 min resulted in an infection incidence of 100 and 55%, respectively. At 53⁰C, 

although infection was reduced to 8.5 and 0% for N. parvum and N. luteum, respectively, this 

resulted in the death of the vines. HWT at 55⁰C for 10 min was effective to eliminate bark infections 

in Sauvignon blanc but not in Pinot noir. In Spain, Elena et al. (2015) investigated the treatment of 

artificially inoculated canes (rootstock Richter 110) with Botryosphaeriaceae fungi to different HWT, 

using temperatures between 50 and 53⁰C for 30 min. Treatment at 51⁰C or higher for 30 min was 

effective at eliminating infection by all species. However, L. theobromae and N. luteum were the 

most tolerant and susceptible species at 50⁰C, respectively. In South Africa, Shiraz and rootstock 101-

104 cuttings HWT at 50⁰C for 30 min resulted in elimination of several fungal genera, including 

Botryosphaeriaceae and Cylindrocarpon sp. However, six months after being planted in the field, 

Botryosphaeriaceae were recovered from the scion, crown and roots (Crous et al. 2001). In France, 

Bruez et al. (2017) used 45 min at 50⁰C to treat young Pinot noir plants. Assessment of the treated 

vines after 15 years growth in the vineyard showed there was no difference in GTD fungal 

communities including of Botryosphaeria sp., D. seriata and N. parvum compared with the non-hot 

water treated control vines. The vines are subjected to continual Botryosphaeriaceae inoculum 

pressure once planted in the vineyard (Bruez et al. 2017). This illustrates the importance of 

protecting the vines from GTD pathogen infection throughout their lifespan. In the nursery as well as 

the vineyard, HWT should be complemented with other management strategies to increase the 

control of Botryosphaeriaceae species and other GTD pathogens (Perlot et al. 2017, Waite et al. 

2018). The use of fungicides, disinfectants and biocontrol agents in combination with HWT is 

important to decrease infection (Gramaje et al. 2010b, Waite et al. 2018). Additionally, HWT are 

likely to reduce not only pathogen populations but populations of other potentially beneficial 

microbes within the grapevine tissue. This leads to the possibility of inoculation of grapevine 

propagation material with beneficial microorganisms following HWT to reduce subsequent infection 

by pathogens.  

Heat stress affects physiological processes of established grapevines and influences Botryosphaeria 

dieback symptom expression (Songy et al. 2019). In planting material, HWT can cause a temporary 

change to fermentative respiration, leading to a decrease in the growth rate, predominantly in Pinot 

noir varieties (Waite & Morton 2007). Halaly et al. (2008) demonstrated that heat shock (50⁰C for 60 
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min) led to earlier and higher budbreak levels in single node Perlette cuttings. Changes in the levels 

of catalase, alcohol dehydrogenase and pyruvate decarboxylase occurred earlier in the heat shock 

treated than non-treated cuttings. According to their findings, different stimuli can lead to release of 

dormancy for buds, such as respiratory and temporary oxidative stress. Lerin et al. (2017) developed 

a prediction model and recommended the use of temperatures between 48-51⁰C to avoid any 

negative effects on phenological development based on results of the effect of different time 

exposure (30, 45, and 60 min) and temperatures (50, 53, and 55°C) on the phenology of six grapevine 

cultivars. 

 

1.6 Endophytes and Botryosphaeria dieback  

The Botryosphaeriaceae family encompasses plant pathogens, saprobes and endophytes 

(Dissanayake et al. 2016). Endophytes colonize plants internally (Lawrence et al. 2018) and can play a 

different role to that of the pathogens (Hardoim et al. 2015). Petrini (1991) defined them as any 

organism that inhabit and colonize plants without causing visible harm. Nevertheless, they also exist 

as latent pathogens with the expression of pathogenicity occurring under certain conditions (Lewis et 

al. 2018), such as the dieback symptoms of Botryosphaeriaceae fungal pathogens being triggered by 

abiotic stress (Crous et al. 2017, Galarneau et al. 2019). However, as well as latent pathogens there 

are many endophytic microbial strains which have a beneficial impact on plant health and growth 

(Jaber & Ownley 2018). Further, although specific endophytic microbial strains may have a positive 

effect in some plants, they may have the opposite effect in others (Hairdoim et al. 2015). 

During the 19th century and early 20th century, knowledge about the role of microorganisms in plants 

was limited. It was believed that healthy plants were sterile and absent of any other living being 

(Compant et al. 2012). Nowadays, plants are known to be colonised by microbial endophytes which 

are known to be involved in plant growth, development and production (Frank et al. 2017). For 

instance, microbial endophytes are known to promote growth by the production of metabolites, 

improving nutrient uptake/fixation, and increasing tolerance/resistance to biotic and abiotic stresses 

(Rosenblueth & Martínez-Romero 2006, Doty 2017, Lewis et al. 2018). Endophytes have a crucial role 

in sustainable agriculture (Lugtenberg et al. 2016) as an eco-friendly management strategy that can 

improve plant growth and health worldwide (Lugtenberg et al. 2017). 

Biocontrol resources for use in woody plants, such as grapevines, are less available than for 

herbaceous plants. This is partly because of their anatomy, biomass and perennial nature (Cazorla et 

al. 2016). Nonetheless, new approaches in grapevine production are replacing conventional 

procedures, such as propagation techniques and cane hydration carried out at nurseries (Waite et al. 

2013b). Furthermore, conventional vineyard management strategies could be negatively affecting 

these endophytic communities and thereby increasing plant susceptibility to subsequent infection 
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(Crous et al. 2001). This represents a challenge for grapevine researchers, industry and farmers as 

historically the control of Botryosphaeria dieback and other GTD has mainly relied on chemical 

pesticides (Mondello et al. 2018). Lower diversity of endophytic microbial communities has been 

reported from conventionally managed grapevines when compared to organically managed 

vineyards (Pancher et al. 2012). Further, according to the findings of Pancher et al. (2013), 

Curtobacterium, Pantoea and Pseudomonas species were more abundant in conventionally 

cultivated grapevines, while Sphingomonas and Bacillus in wild grapevine plants. In a similar study, 

Campisano et al. (2014) found that the genera Burkholderia, Ralstonia and Stenotrophomonas were 

predominant in plants from conventionally managed vineyards, while Caulobacter, Mesorhizobium 

and Staphylococcus in plants from organic vineyards. 

There has been relatively limited research in investigating the ability of grapevine bacterial 

endophytes to reduce Botryosphaeria dieback in planta. An endophytic B. subtilis isolate (B6) was 

shown to reduce the length of N. parvum necrosis in cuttings by 35% (Rezgui et al. 2016) while B. 

subtilis PTA-271 reduced dead branch by 50% and lesions by 63% to 75% (Trotel-Aziz et al. 2019). 

Another study showed that Enterobacter spp. isolated from wood tissue, as well as Pantoea 

agglomerans S1, isolated from the surface of grape berries reduced N. parvum lesion development 

by 44%. Two endophytic Bacillus spp. isolates, however, were shown to increase N. parvum lesion 

length by over 20% (Haidar et al. 2016). In the review of Mondello et al. (2018), Enterobacter sp. and 

P. agglomerans were classified as being highly effective against N. parvum. However, according to 

this study, there have been no publications reporting the control of Botryosphaeria dieback in the 

field by bacterial control agents. 

Culture extract of B. subtilis AG1, originally isolated from grapevine wood, was shown by Alfonzo et 

al. (2009) displayed inhibitory activity against the in vitro growth of Botryosphaeria rhodina. Bacterial 

endophytes were reported by Pancher et al. (2013) to decrease the in vitro growth of B. dothidea and 

B. obtusa, but no detail of the species was given. The bacterial isolates Bacillus sp. 3R1, Brevibacillus 

sp. 3Y41 and Bacillus sp. 3R4 were shown to be effective at reducing the growth of N. parvum 

(Andreolli et al. 2016). Bacillus, Curtobacterium, Pantoea, and Pseudomonas species were reported 

by Rezgui et al. (2016) to have antagonistic activity against L. pseudotheobromae and N. parvum. 

Aureobasidium pullulans isolate Fito_F2778 was also shown to reduce D. seriata mycelial growth by 

34% (Pinto et al. 2018) and A. pullulans L8 demonstrated a 23% reduction of apple wood lesion 

caused by N. parvum (Rusin et al. 2019). Further, Wicaksono et al. (2016) reported endophytic 

bacterial isolates recovered from mānuka (Leptospermum scoparium) inhibited the in vitro growth of 

N. luteum. In another report, Wicaksono et al. (2017) showed that inoculation of grapevines with 

Pseudomonas sp. isolates W1R33 and I2R21 inhibited the colonization and reduced the lesion length 

caused by N. parvum and N. luteum, respectively. 
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1.7 Culture-dependent and –independent methods for the identification of 
microbes in plant tissue 

Culture-dependent methods can be described as all those procedures that allow the manipulation in 

vitro of those microbes that can be isolated from different plant tissues and stored as pure cultures. 

For this, the selection of an appropriate media for the cultivation of desired taxa is required (Fry 

2004). Some of these techniques include the morphological and physiological description of a single 

species, functionality assays to determine symbiotic relationships and in vitro analysis of different 

species communities (Baker et al. 2017). 

Culture-independent methods can characterise and quantify more accurately the communities of 

microbes in tissues and also allowing the detection of microbes that are present at low abundance. 

The main techniques that have been developed are restriction fragment length polymorphisms 

(RFLP) (Jeffreys et al. 1985), single-strand conformational polymorphism (SSCP) (Ainsworth et al. 

1991), denaturing gradient gel electrophoresis (DGGE) (Muyzer & Smalla 1998), automated 

ribosomal intergenic spacer analysis (ARISA) (Fisher & Triplett 1999) and fatty acid methyl ester 

(FAME) analysis. More recently next generation sequencing (NGS) platforms such as Illumina 

sequencing have been shown to provide greater depth, and detect and identify more species with 

greater accuracy (Mizrahi-Man et al. 2013). 
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1.8 Research goals and objectives 

Although management practices have been reported to affect endophytic microbial populations 

(Pancher et al. 2012), the effect of HWT on these communities has not been investigated. Therefore, 

the overall aim of this research project is to evaluate the effect of HWT on both the bacterial 

endophyte community and on the subsequent susceptibility of the propagation material to infection 

by Botryosphaeriaceae pathogens. To determine whether HWT changes susceptibility by inducing 

stress on dormant tissue and/or affecting the antagonistic bacterial endophyte communities two 

overall objectives were developed. 

Objective 1: To determine the effect of HWT of grapevine propagation material on and the 

susceptibility to Botryosphaeriaceae infection. Specifically, this objective aimed to determine the 

effect of HWT on the susceptibility of both Pinot noir and Sauvignon blanc propagation material to 

infection by N. luteum and N. parvum. The susceptibility of the grapevine material to infection was 

tested immediately after HWT, and after 6 months growth. In addition, the effect of HWT on the 

subsequent growth of the treated grapevine material was assessed.  

Objective 2: To determine the effect of HWT of grapevine propagation material on bacterial 

endophyte communities and the potential of culturable bacterial endophytes to suppress N. luteum 

and N. parvum by dual plate assays.  

 

Hypothesis: The overall hypothesi tested was that HWT increases grapevine cane susceptibility to 

Botryosphaeria dieback pathogens infection, with the specific hypothesis being: 

i) HWT reduces the bacterial endophyte community that provide protection through either passive 

(niche exclusion) or active suppression of trunk pathogens (inhibitory metabolite production). 
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Chapter 2 

Susceptibility of grapevine propagation material to Neofusicoccum 

spp. after hot water treatment (HWT) 

2.1 Introduction 

Botryosphaeriaceae fungi are considered as highly aggressive, economically important pathogens of 

grapevines (Gramaje et al. 2018). Worldwide over 20 species of the Botryosphaeriaceae have been 

associated with Botryosphaeria dieback, with Neofusicoccum luteum and N. parvum reported to be 

the most widespread and pathogenic both in vineyards and nurseries in New Zealand (Baskarathevan 

et al. 2012a, Billones-Baaijens et al. 2013a, 2013b). These pathogens can cause a diverse range of 

symptoms including wood cankers, shoot dieback, buds’ necrosis, delayed bud burst and reduced 

fruit set (Aroca et al. 2006, Amponsah et al. 2011, Gramaje et al. 2018). The pathogens can also be 

asymptomatic within plant tissue (van Niekerk et al. 2004, Billones-Baaijens et al. 2013a) and the use 

of infected but asymptomatic cuttings as propagation material can result in the dissemination of the 

pathogens into the vineyard (Billones-Baaijens & Savocchia 2018). To mitigate this risk, different 

management practices including hot water treatments have been tested to reduce infection of 

grapevine propagation material (Waite et al. 2013b, 2018).  

The use of HWT to reduce infection of propagation material by GTD pathogens (Crous et al. 2001, 

Gramaje et al. 2010b, Bleach et al. 2013), including Botryosphaeriaceae pathogens (Elena et al. 2015) 

is a common practice in nurseries. However, it has been reported as being ineffective at reducing 

Botryosphaeriaceae infection of grapevine material in some winegrowing regions, including New 

Zealand (Billones-Baaijens et al. 2015). Further, HWT has been reported to negatively affect 

grapevine propagation material (Waite & May 2005, Halaly et al. 2008, Songy et al. 2019), however it 

is likely that the repercussions might vary for different cultivars, regions and specific conditions of 

the HWT. For example, a New Zealand study by Billones-Baaijens et al. (2015) reported that Pinot 

noir was more sensitive to HWT’s used to reduce surface bark infections than Sauvignon blanc. Even 

though HWT is ineffective at reducing Botryosphaeriaceae infection of propagation material under 

New Zealand conditions, this treatment has been reported to be effective at reducing infection by 

other grapevine pathogens including the black foot pathogens Dactylonectria and Ilyonectria spp. 

(Bleach et al. 2013). Further, although the HWT protocol of 50⁰C for 30 minutes is commonly used by 

nurseries, Bleach et al. (2013) showed that a reduced temperature of 48.5⁰C for 30 minutes was 

effective at eliminating blackfoot disease in dormant nursery grapevine cuttings. Studies have also 

shown that the fungal pathogen incidence in HWT treated grapevine material, although reduced, 

were not completely eliminated (Eichmeier et al. 2018) and after 15 years growth in the vineyard 

there was no difference in the fungal communities between HWT and non-HWT grapevine plants 
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(Bruez et al. 2017). Re-infection of hot water treated plants by GTD pathogens can occur once 

outplanted in the field, however there are no studies where HWT plants are directly challenged by 

pathogen inoculum to determine their relative susceptibility compared with non-HWT plants. 

Therefore, whether HWT of grapevine propagation material affects their subsequent susceptibility to 

Botryosphaeriaceae infection and colonisation is unknown. The aim of this chapter is to determine if 

the abiotic stress caused by HWT increases the susceptibility of grapevine propagation material to 

infection when subsequently challenged by Neofusicoccum luteum and N. parvum immediately after 

HWT and after a period of growth. The effect of different HWT’s including the protocol most used by 

nurseries, 50⁰C for 30 minutes, as well as combinations of reduced temperature and/or treatment 

time were also included. Further, the susceptibility of two commonly grown cultivars, Pinot noir and 

Sauvignon blanc, was compared. 

 

2.2 Materials and methods 

2.2.1 Neofusicoccum spp. isolates  

Neofusicoccum luteum isolate CC445 and N. parvum isolate G69a1 were obtained from the Lincoln 

University Plant Pathology culture collection. Neofusicoccum parvum isolate G69a1 was originally 

recovered from grapevines with symptoms of Botryosphaeria dieback (Baskarathevan et al., 2012a) 

and N. luteum isolate CC445 was obtained from dieback lesions on Actinidia arguta (hardy kiwifruit) 

growing near a vineyard (Baskarathevan et al. 2017). These were selected as they have been 

identified as being highly pathogenic to grapevines based on lesion length and conidial production 

(Shafi et al. 2018). Cultures were stored as agar discs in 50% glycerol (Ajax Finechem, Fisher 

Scientific) at -80⁰C and subcultures were made from these stock cultures for further use in this study. 

Subcultures were grown on potato dextrose agar (PDA; Difco, Becton, Dickinson and Company) and 

incubated at 25⁰C for 3 days (12h light/ 12h dark). 

 

2.2.2 Propagation material 

Sauvignon blanc and Pinot noir dormant cuttings (canes) containing four nodes and approximately 35 

cm in length were obtained from approximately twenty different plants of each cultivar at the 

Lincoln University vineyard (Lincoln, Canterbury) in September 2018. These were containerised, 

covered with plastic and cool stored at 2⁰C prior to starting the experiment at the nursery facilities.  
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2.2.3 Hot water treatment (HWT) 

For each HWT, 53 canes were subjected to a different temperature and time exposure. The 

combination of temperature (⁰C), exposure time (min) and the susceptibility of the grapevine 

material to Neofusicoccum sp. were the treatment factors (Table 2.1) for this experiment. Before 

subjecting the planting material to hot water, the canes were rehydrated by pre-soaking in a 

hydration tank at room temperature for 1 h. For each cultivar and HWT, the canes were tied together 

using a polyethylene string forming a bundle. Each bundle was subjected to the HWT using an A24 

water chamber and heating thermostat (Lauda-Brinkmann, USA) at 48⁰C or 50⁰C for 15 or 30 

minutes. After exposing the bundles to HWT, the canes were placed into clean potable tap water 

(25⁰C) for 10 min (Waite & May 2005) to reduce their temperature and thereby halt the HWT 

conditions that the vine endured. The water was changed for each batch of grapevines to limit any 

potential cross-infection. Free water on the surface of the canes was then allowed to dry by placing 

the canes on paper towels for one day at 25⁰C. For each HWT, 2 bundles of canes were treated. The 

first one was made of 29 replicate canes, of which, 24 were used to determine the effect of HWT on 

susceptibility to N. luteum or N. parvum, and the remaining 5 canes were used to determine the 

effect of HWT on the endophytic bacterial communities and isolation of bacteria (Chapter 3). Whilst 

the twenty-four canes from the other bundle were rooted and after 8 months were used to 

determine their susceptibility to both Neofusicoccum species. In total 530 canes were used in this 

experiment; more detail is presented in Figure 2.1.   

Table 2.1 Hot water treatments (HWT) at either 48⁰C or 50⁰C for 15 or 30 min and inoculation (N. 
luteum isolate CC445, N. parvum isolate G691a or control) treatments for dormant and rooted 
grapevine canes. 

Treatment 

HWT  Inoculation 

Untreated 
Temperature Exposure  Uninoculated 

control 
N. luteum 

CC445 
N. parvum 

G69a1 48⁰C 50⁰C 15 min 30 min  

e1 x      x   
2 x       x  
3 x        x 
4  x  x   x   
5  x  x    x  
6  x  x     x 
7  x   x  x   
8  x   x   x  
9  x   x    x 

10   x x   x   
11   x x    x  
12   x x     x 
13   x  x  x   
14   x  x   x  
15   x  x    x 
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Figure 2.1. Outline of the number of grapevine canes that were used for each hot water treatment 
(HWT) for inoculation with Neofusicoccum luteum isolate CC445 and N. parvum isolate G691a or 
uninoculated and used for determining the endophytic bacterial communities using PCR-DGGE and 
isolation of bacteria. 
 

2.2.4 Neofusicoccum spp. inoculation of dormant canes 

To determine the effect of HWT on the susceptibility of the grapevine propagation material to N. 

luteum or N. parvum infection, dormant canes were inoculated the day after HWT. The central area 

of each cane was surface sterilised by swabbing with 70% ethanol and allowed to air dry. On each 

cane, a wound was made by removing approximately 4 mm length and 2 mm deep of the bark tissue 

with a sterile scalpel. The wound was inoculated with a 3 mm mycelial disc of either N. luteum or N. 

parvum taken from the margin of cultures grown in Petri plates containing PDA at 25⁰C for 3 days. 

Initially, the inoculation with conidial suspensions was planned, however, due to issues with conidial 

production on detached shoots as outlined in Appendix A.1, the shoots were inoculated with mycelial 

plugs. Control canes were inoculated with a 3 mm disc of PDA. The wounds were wrapped with cling 

film. For each treatment 8 canes were set up, placed in a plastic tray at room temperature and 

covered with sterilized tissue paper to allow infection and lesion development. The canes were 

monitored weekly to check for any external lesion symptom development for 4 weeks. At the end of 

this period, the length of any external lesions which developed were measured. For representative 

number (1-2) of canes per treatment the bark of canes was peeled-off to observe any internal lesions 
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or discolouration development. For the remaining canes the presence of any necrotic tissue showing 

necrosis and/or discolouration was recorded and then used for assessment of colonisation length. 

To determine the length of tissue colonised by Neofusicoccum sp., and confirm Koch’s postulates, the 

canes were surface sterilised by dipping for 30 s in 70% ethanol, 5 min in 0.35% NaClO and a further 

30 s in 70% ethanol (Halleen et al. 2003) and allowed to dry in a laminar flow hood. Using sterilized 

secateurs, the canes were cut to a 16 cm length, 8 cm above and below the inoculation point. Then, a 

0.5 cm transverse section was cut at each cm along the length of the cane, starting from the distal 

ends towards the inoculation point to limit any cross-contamination. The sections were plated 

sequentially onto Petri dishes containing PDA supplemented with 0.005g/L streptomycin sulphate 

(Figure 2.2) and incubated at 25⁰C (12h light/ 12h dark). Four tissue pieces were plated onto each 

plate, consequently, for each cane, 16 tissue pieces were plated onto 4 Petri dishes. After 4 days, the 

presence of N. luteum or N. parvum mycelium growing from the tissue pieces was recorded visually 

and used to determine the distance colonised by the pathogens in both directions from the 

inoculation point. 

 
Figure 2.2 Assessment method for the confirmation of Neofusicoccum sp. colonisation of grapevine 
cane tissue showing 0.5 cm cane pieces sequentially plated onto Petri plates containing potato 
dextrose agar. 
 

2.2.5 Neofusicoccum spp. inoculation of rooted canes 

For the rooted canes, the same HWT procedure was used as described in Section 2.2.3. The day after 

the treatment applications, the canes were rooted at the Lincoln University nursery. The lower 

portion (approximately 1cm) of each cane was removed using secateurs to expose the living tissue 

and facilitate rooting. The canes were placed in trays (50 x 30 x 15 cm) containing pumice and placed 
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on heat pads (25⁰C) in a shade house. The trays were watered frequently to maintain sufficient 

moisture in the pumice. After 6 weeks, the rooted canes were transplanted into individual pots (1.5 

L) containing potting mix (80% bark, 20% pumice), 7.5 g of fertilizer (15-4-9) and 1.5 g of horticultural 

lime. The number of canes that successfully rooted was recorded. Additionally, bud burst was 

recorded using a modified E-L system number (Table 2.2) (Coombe 1995) 3 and 6 weeks after being 

planted. During autumn, the rooted canes were maintained in a glasshouse and in winter they were 

placed in a shade house and allowed to go into dormancy. In spring, once dormancy was broken with 

budburst observed, the canes were placed back into the glasshouse. All these facilities were located 

at the Lincoln University nursery. 

Table 2.2 Given values for the different phenological stages of grapevine buds and shoots using the 
modified E-L system by Coombe (1995) 

E-L number Stage 
Re-adjusted E-L 

number 

1 Non-burst bud 0 
4 Green tips from first leaf visible 1 
7 First leaf separated from shoot tip 2 
9 2 or 3 leaves separated 3 

11 4 leaves separated 4 

12 5 leaves separated and inflorescence clear 5 

 

In December 2019, the rooted canes were inoculated following a similar procedure described in 

Section 2.2.4 for the dormant canes. However, instead of inoculating the plants in the middle portion 

of the cane, the rooted canes were inoculated at the tip as described by Billones-Baaijens et al. 

(2013b). Firstly, secateurs were sterilized using 70% ethanol and flamed with an alcohol burner 

between each cane. The wounds for inoculation were made by cutting off the 1 cm apical tip of the 

cane. The resulting wounds were then inoculated by placing a mycelial disc colonised of N. luteum or 

N. parvum onto the surface of the wound and controls consisted of uninoculated PDA discs (Figure 

2.3). Immediately after, sterile reverse osmosis water (SROW) was sprayed onto the wound and disc 

and both were wrapped with cellophane. Eight replicates were set up for each treatment and 

arranged in a randomised blocked design on wire tables in the glasshouse. The plants were watered 

daily and monitored for any disease symptom development. After 4 weeks the canes were harvested 

cutting off the roots and taken to the laboratory. The assessments were carried as described for the 

dormant canes (Section 2.2.4), but this time, the colonisation distance was evaluated using the 

complete length of the cane. 
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Figure 2.3 Inoculation method for Sauvignon blanc rooted canes with either a colonised mycelial disc 
of Neofusicoccum luteum or N. parvum or uncolonised PDA disc 

 

2.2.6 Statistical analyses 

For both the detached and attached shoots, the length of tissue colonised by Neofusicoccum spp. 

was analysed performing analyses of variance (ANOVA). For the main effect, general linear model 

(GLM) was implemented in SPSS Statistics 24 (IBM, USA). Pairwise comparisons were based on 

estimated marginal means and Bonferroni adjustment.  For the variables regarding cane growth, the 

same procedure was carried out with E-L number and data were transformed into a continous scale 

as shown in Table 2.2. 
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2.3 Results 

2.3.1 Susceptibility of dormant canes to Neofusicoccum spp. 

No external symptoms were observed on any of the canes. When the bark of 1-2 canes from each 

HWT and inoculation treatment was peeled-off to check for any internal symptoms, two types of 

internal symptoms were observed, a dry-necrotic tissue which appeared to develop from the 

inoculation site towards the edges of the cane, and a V-shaped lesion in cane cross-sections (Figure 

2.4). The dry necrotic symptom was present in all canes treated with hot water and only rarely 

observed in non-hot water treated canes. In contrast, the V-shaped lesion was found in all 

treatments, including non-hot water treated canes and those inoculated with PDA. Subsequently, 

when the colonisation of the cane sections was being evaluated, fungal colonies morphologically 

identified as Eutypa sp. were recovered from canes across all HWT indicating the V-shaped lesion 

may have been associated with the Eutypa sp. infection. For these reasons, internal lesion lengths 

were not measured. 

 
Figure 2.4 Characteristic V-shaped canker and discoloration found in all canes treated with hot water 
treatments and in PDA-inoculated control canes.  
 

No Neofusicoccum sp. colonies were recovered from any of the control canes inoculated with PDA 

across all the HWT’s (Figure 2.5) therefore the data for the non-inoculated control treatments were 

excluded from the statistical analysis. Colonies were identified visually by their morphology as the 

inoculated species. They were isolated from all the Neofusicoccum spp. inoculated canes for all HWT 

(Figure 2.5). No colonies morphologically identified as N. parvum were isolated from any cane 

inoculated with N. luteum and vice versa. For the length of cane colonised by Neofusicoccum spp., 

there was a significant (p<0.001) interaction between HWT and Neofusicoccum species. The 

interaction between cultivar and HWT and the interaction between cultivar and Neofusicoccum 

species were not significant (p=0.366 and p=0.519, respectively). 
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Figure 2.5. Recovery of Neofusicoccum sp. colonies from Sauvignon blanc cane sections inoculated 
with Neofusicoccum parvum (upper left), N. luteum (upper right) and PDA (below) after hot water 
treatment (50⁰C for 30 minutes). 
 

For the interaction between HWT and Neofusicoccum species, pairwise comparisons between the 

Neofusicoccum species for each HWT showed that the colonisation length differed significantly 

(p<0.005) between N. parvum G69a1 and N. luteum CC445 inoculated canes for the non-HWT control 

and 48⁰C x 15 min treatments (Appendix A.2). For both of these HWT’s, the mean colonisation length 

by N. parvum G69a1 was greater than for N. luteum CC445 (Table 2.3). For the other HWT’s (48⁰C x 

30 min, 50⁰C x 15 min and 50⁰C x 30 min) there was no significant difference between the 

colonisation length for N. parvum and N. luteum. For the comparisons of colonisation length 

between the HWT’s for each Neofusicoccum species, N. luteum colonisation lengths were 

significantly lower (p<0.001) for non-HWT control and 48⁰C x 15 min treatments when compared to 

the other HWT (48⁰C x 30 min, 50⁰C x 15 min and 50⁰C x 30 min). While, for N. parvum the non-HWT 

control was significantly lower (p<0.05) than the 50⁰C x 30 min treatment (Table 2.3). 

Table 2.3. Mean length (cm) of cane colonised by Neofusicoccum sp. on dormant canes inoculated 
with Neofusicoccum luteum CC445 or N. parvum G69a1 after different hot water treatments (HWT). 
Means of eight replicate canes assessed 4 weeks post-inoculation. 

 
Control 

48⁰C x 
15min 

48⁰C x 
30min 

50⁰C x 
15min 

50⁰C x 
30min 

Mean 
values 

N. luteum CC445 13.8 a*1 14.3 a 15.8 b 16.0 b 16.0 b 15.2 
N. parvum G69a1 15.0 A 15.9 AB 15.9 AB 15.6 AB 16.0 B 15.7 

1Means for colonisation length (cm) in bold are significantly different for comparison between N. luteum and 

N. parvum for each HWT determined by pairwise comparisons. 
*Means for colonisation length (cm) for the different HWT’s followed by the same letter are not significantly 
different from the non-HWT Control for N. luteum (a-b) and N. parvum (A-B) determined by pairwise 
comparisons. 
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There was a significant effect (p=0.025) of cultivar, with the mean colonisation distance for Pinot noir 

(15.6 cm) higher than for Sauvignon blanc (15.3 cm) (Table 2.4). There was also a significant effect 

(p<0.001) of HWT on mean colonisation distance. Pairwise comparisons between the different HWT’s 

(Appendix A.2) showed that the colonisation length was significantly lower (p<0.001) for the non-

HWT control compared with 48⁰C x 30 min, 50⁰C x 15 min, or 50⁰C x 30 min, but not for 48⁰C x 15 

min (Table 2.4). Further, the colonisation length for the HWT 48⁰C x 15 min was significantly lower 

(p<0.05) than all other treatments apart from the non-HWT control. Although Neofusicoccum sp. was 

recovered from the complete length (16 cm) of a large proportion of the canes assessed for most 

treatments, for the non-hot water treated canes only 28% were fully colonised by Neofusicoccum sp. 

This compares to 63% of canes for 48⁰C x 15 min, 91% for both 48⁰C x 30 min and 50⁰C x 15 min 

(91%), and 100% of 50⁰C x 30 min treated canes.  

There was a significant effect (p=0.001) of Neofusicoccum species on the length of cane colonised by 

Neofusicoccum sp. Mean colonisation distances were higher for N. parvum G69a1 (15.7 cm) than for 

N. luteum CC445 (15.2 cm) (Table 2.3). Across all treatments, for N. parvum G69a1 inoculated canes 

84% of the canes were fully colonised, and for N. luteum CC445 65% of the canes fully colonised.  

 
Table 2.4 Mean length (cm) of cane colonised by Neofusicoccum sp. for Pinot noir or Sauvignon blanc 
dormant canes inoculated with Neofusicoccum luteum CC445 or N. parvum G69a1 after different hot 
water treatments (HWT). Means of eight replicate canes assessed 4 weeks post-inoculation. 

  Control 
48⁰C x 
15min 

48⁰C x 
30min 

50⁰C x 
15min 

50⁰C x 
30min 

Mean 
values 

Pinot noir 14.6 1 15.6 15.9 16.0 16.0 15.6 X2 
N. luteum CC445 13.4 15.1 16.0 16.0 16.0 15.3 
N. parvum G69a1 15.8 16.0 15.9 16.0 16.0 15.9 
Sauvignon blanc 14.3 1 14.6 15.8 15.6 16.0 15.3 Y 

N. luteum CC445 14.3 13.4 15.6 16.0 16.0 15.1 
N. parvum G69a1 14.3 15.9 16.0 15.3 16.0 15.5 

Mean values 14.4 A3 15.1 A 15.9 B 15.8 B 16.0 B  
1Comparisons across interactions between cultivar and HWT were not significant (P=0.366). 
2 Comparison of overall effect of cultivar across treatments (X-Y) means were significant (P=0.05) 
3 Comparison of overall effect of HWT across both species and cultivar (A-B) means were significant (P=0.05) 
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Eutypa sp. colonies were recovered from all HWT (Figure 2.6), however more were observed in non-

hot water treated canes and those treated with 48⁰C x 15min. Further, Eutypa sp. colonies were 

found in canes inoculated with N. parvum, N. luteum and uninoculated ones (PDA). 

 
Figure 2.6 Petri plates containing cane pieces from non-hot water treated (left) and treated canes at 
50⁰C for 30 min (right) showing co-infection of Neofusicoccum parvum (left) or N. luteum (right) with 
Eutypa sp. 
 
 

2.3.2 Susceptibility of rooted canes to Neofusicoccum spp. 

2.3.2.1 Effect of HWT on cane growth 

Assessments of cane development after HWT were made at 3 and 6 weeks after planting. The growth 

stage of the canes within a treatment at week 3 was highly variable therefore only shoot/cane and E-

L number data for week 6 were statistically analysed.  

Shoots per cane  

For the number of shoots per cane there was a significant (p < 0.001) interaction between cultivar 

and HWT. Pairwise comparisons between the cultivars for each HWT showed that the number of 

shoots per cane differed significantly (p<0.001) between Pinot noir and Sauvignon blanc for 48⁰C x 15 

min, 50⁰C x 15 min and 50⁰C x 30 min (Table 2.5; Appendix A.3). For those HWT the number of 

shoots per cane was significantly higher for Sauvignon blanc compared with Pinot noir. The number 

of shoots per cane did not differ significantly between Pinot noir and Sauvignon blanc for non-HWT 

control canes and canes treated at 48⁰C x 30 min. For the comparisons between HWT’s for Pinot 

noir, the number of shoots per cane was significantly lower for the 50⁰C x 30 min treated canes 

compared to the non-HWT control (p<0.001), 48⁰C x 15 min (p=0.003), 48⁰C x 30 min (p<0.001) and 

50⁰C x 15 min (p=0.014) treated canes. None of the other comparisons were significantly different 

for Pinot noir. For Sauvignon blanc, there was no significant effect of HWT on the number of shoots 
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per cane. There was also a significant effect (p < 0.001) of Cultivar on the number of shoots per cane, 

with the number of shoots per cane for Sauvignon blanc being significantly higher than for Pinot noir 

(Table 2.6). When the data for the two cultivars were combined, there was no significant effect of 

HWT (p =0.185) on the number of shoots per cane (Table 2.6). 

 

E-L number 

For the E-L number, there was significant (p<0.001) interaction between cultivar and HWT. Pairwise 

comparisons between the cultivars for each HWT showed that the E-L number differed significantly 

between Pinot noir and Sauvignon blanc for all HWT’s except for the non-HWT control (Table 2.5). 

For comparisons between HWT’s for each cultivar, for Pinot noir the E-L number, was significantly 

higher for the non-HWT control when compared to the 48⁰C x 30 min (p=0.009), 50⁰C x 15 min 

(p=0.001) and 50⁰C x 30 min (p<0.001) treated canes. The 48⁰C x 15 min was also significantly 

different (p=0.022) from 50⁰C x 30 min. For Sauvignon blanc, the E-L number was significantly lower 

for the non-HWT control when compared to the 48⁰C x 15 min (p=0.015), 50⁰C x 15 min (p<0.001) 

and 50⁰C x 30 min (p=0.001) treated canes. The 48⁰C x 30 min was also significantly different from 

50⁰C x 15 min (p<0.001) and 50⁰C x 30 min (p=0.025). There was also a significant effect (p < 0.001) 

of cultivar on E-L number with the E-L number being significantly higher for Sauvignon blanc 

compared with Pinot noir (Table 2.6). When the data for the two cultivars were combined, there was 

no significant effect (p = 0.360) of HWT on the E-L number (Table 2.6). 

Proportion of canes with shoots and roots 

The % canes with shoots at both the 3 and 6 week assessments and % canes which had rooted at the 

6 week assessment was higher for Sauvignon blanc compared to Pinot noir for all HWT’s (Table 2.5 

and Table 2.6). In particular for Pinot noir, the effect on % of canes with shoot and roots was much 

lower for the 50⁰C x 30 min treated canes compared to the other HWT at both assessment times 

(Table 2.5). 
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Table 2.5. The percentage of canes with shoots and roots, the number of shoots per cane and the E-L 
number for Sauvignon blanc and Pinot noir canes after different hot water treatments assessed 3 and 
6 weeks after treatment. 

Cultivar HWT 

Week 3  Week 6 

% canes 
with 

shoots 

Shoots/ 
cane 

E-L  
% canes 

with 
shoots 

Shoots/ cane E-L 
% 

canes 
Rooted 

Sauvignon 
blanc 

Control 76% 1.12 ± 0.14 1.26 ± 0.18  91% 1.58 ± 0.15 *a1 2.65 ± 0.22 *a1 94% 

48⁰C x 15 min 91% 1.55 ± 0.13 1.68 ± 0.15  94% 1.85 ± 0.14 a 3.16 ± 0.20 bc 94% 

48⁰C x 30 min 80% 1.34 ± 0.15 1.32 ± 0.15  94% 1.66 ± 0.13 a 2.83 ± 0.19 ab 89% 

50⁰C x 15 min 100% 1.97 ± 0.15 2.02 ± 0.12  100% 2.12 ± 0.11 a 3.55 ± 0.13 c 100% 

50⁰C x 30 min 91% 2.00 ± 0.17 1.36 ± 0.12  97% 2.15 ± 0.13 a 2.89 ± 0.15 c 88% 

Pinot noir 

Control 50% 0.85 ± 0.18 0.79 ± 0.18  69% 1.35 ± 0.21 A 1.87 ± 0.29 A 85% 

48⁰C x 15 min 46% 0.65 ± 0.15 0.54 ± 0.12  65% 1.15 ± 0.19 A 1.25 ± 0.21 AB 85% 

48⁰C x 30 min 27% 0.31 ± 0.11 0.29 ± 0.09  65% 1.35 ± 0.22 A 0.87 ± 0.14 BC 81% 

50⁰C x 15 min 15% 0.19 ± 0.09 0.15 ± 0.07  69% 1.04 ± 0.17 A 0.88 ± 0.15 BC 69% 

50⁰C x 30 min 12% 0.12 ± 0.06 0.12 ± 0.06  19% 0.27 ± 0.12 B 0.33 ± 0.15C 31% 

*Means for shoot/cane and E-L number for week 6 in bold are significantly different for comparison between the two cultivars Sauvignon 

blanc and Pinot noir for each HWT determined by pairwise comparisons (Appendix A.3). 
1Means for shoot/cane or E-L number for the different HWT’s followed by the same letter are not significantly different from the non-HWT 
Control for Sauvignon blanc (a-c) and Pinot noir (A-C) determined by pairwise comparisons (Appendix A.3). 

 

Table 2.6 The percentage of canes with shoots and roots, the number of shoots per cane and the E-L 
number for Sauvignon blanc and Pinot noir canes across all hot water treatments, and for the 
different hot water treatments across both cultivars 3 and 6 weeks after treatment. 

 Week 3  Week 6 

Levels of factor 
% canes with 

shoots 
Shoots/ 

cane 
E-L  % canes 

with shoots 
Shoots/ cane E-L 

% canes 
Rooted 

Sauvignon blanc 88% 1.59 ± 0.07 1.52 ± 0.07   95% 1.87 ± 0.06 a1 3.01 ± 0.08 a1 93% 

Pinot noir 30% 0.42 ± 0.06 0.38 ± 0.06   58% 1.03 ± 0.09 b 1.04 ± 0.10 b  70% 

Control 63% 1.00 ± 0.17 1.05 ± 0.20   80% 1.47 ± 0.19 2 2.30 ± 0.282 89% 

48⁰C x 15 min 69% 1.15 ± 0.17 1.18 ± 0.19  80% 1.54 ± 0.19 2.32 ± 0.29 89% 

48⁰C x 30 min 53% 0.90 ± 0.18 0.88 ± 0.18  80% 1.52 ± 0.19 1.99 ± 0.27 85% 

50⁰C x 15 min 58% 1.19 ± 0.22 1.20 ± 0.21  85% 1.64 ± 0.18 2.37± 0.30 85% 

50⁰C x 30 min 51% 1.17 ±0.23 0.81 ± 0.16   58% 1.32 ± 0.23 1.76 ± 0.30 59% 
1Means for shoots/cane or E-L number for comparison between cultivar followed by the same letter are not significantly different 
determined by pairwise comparisons (Appendix A.3). 
2Means for shoots/cane or E-L number for comparison between hot water treatment (HWT) were not significantly different. 

 
 
Following the period of winter dormancy, the percentage of canes which showed budburst the 

following spring for the Pinot noir rooted canes was low across the hot water treatments (5%) 

compared with the non-HWT canes (10%). For Sauvignon blanc the percentage of canes with shoots 

was over 95% for all treatments. 
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2.3.2.2 Neofusicoccum spp. colonisation of hot water treated Sauvignon blanc rooted 
canes 

The number of Pinot noir rooted canes which regrew after the winter dormancy period was too low 

to be included in this experiment. Therefore, the experiment was only carried with the Sauvignon 

blanc rooted canes. As with the dormant canes (Section 2.3.1) no external lesions were observed to 

develop around the inoculation point on the canes. When the bark was peeled-off a representative 

number of the canes were observed for V-shaped lesions and dry-necrotic lesions, same as described 

for the dormant canes (Section 2.3.1). However, for the rooted canes the dry-necrotic lesion started 

from the tip of the cane where the inoculation was done. As for the dormant canes, fungal colonies 

morphologically identified as Eutypa sp. were recovered from canes across all HWT, again indicating 

that the internal lesions may be due to background infection by Eutypa sp. Consequently, the 

internal lesion lengths were not measured. 

No Neofusicoccum sp. colonies were recovered from any of the control canes inoculated with agar 

across all HWT’s. Therefore, the data for the non-inoculated control treatments were excluded from 

the statistical analysis. Colonies morphologically identified as the inoculating species were isolated 

from all the Neofusicoccum spp. inoculated canes for all HWT. No colonies morphologically identified 

as N. parvum were isolated from any cane inoculated with N. luteum and vice versa. For the length of 

cane colonised by Neofusicoccum spp., there was no significant interaction (p=0.978) between HWT 

and Neofusicoccum species (Appendix A.4). Hot water treatment significantly affected (p=0.001) the 

length of tissue colonised by Neofusicoccum spp. Pairwise comparisons for hot water treatment 

showed that the length of tissue colonised was significantly lower in the non-HWT control compared 

with both 50⁰C x 15 min (p=0.023) and 50⁰C x 30 min (p=0.016) treated canes, with none of the other 

HWT differing significantly from the control (Table 2.7). The length of tissue colonised for the 48⁰C x 

15 min treated canes was also significantly lower compared with both 50⁰C x 15 min (p=0.048) and 

50⁰C x 30 min (p=0.034) treated canes (Appendix A.4). There was no significant difference in the 

length of tissue colonised for the 50⁰C x 15 min and 50⁰C x 30 min treated canes.  

There was a significant effect (p=0.034) of Neofusicoccum species on the length of tissue colonised, 

with the length of tissue colonised in canes inoculated with N. parvum being significantly longer than 

for N. luteum (Table 2.7). Neither of the species was able to colonise the full length of any Sauvignon 

blanc rooted cane.  
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Table 2.7 Mean length (cm) of cane colonised by Neofusicoccum sp. for Sauvignon blanc rooted 
canes inoculated with Neofusicoccum luteum CC445 or N. parvum G69a1 after different hot water 
treatments (HWT). Means of eight replicate canes assessed 4 weeks post-inoculation. 

Neofusicoccum 
species 

Control 
48⁰C x 
15min 

48⁰C x 
30min 

50⁰C x 
15min 

50⁰C x 
30min 

Mean 
values 

N. luteum CC445 0.81 1.48 1.48 5.77 5.94 3.10a1 

N. parvum G69a1 2.56 2.75 4.67 8.56 8.81 5.47b 

Mean values 1.69A1 2.12A 3.08AB 7.16B 7.38B  
1Mean values followed by the same letter for comparison between Neofusicoccum species (a-b) and HWT (A-C) followed by 
the same letter are not significantly different determined by pairwise comparisons (Appendix A4?). The interaction 
between Neofusicoccum species and HWT was not significant. 

 

2.4 Discussion 

This is the first study directly investigating the effect of HWT of grapevine propagation material on 

their subsequent susceptibility to Botryosphaeriaceae infection. Although different studies have 

addressed the effect of HWT on reducing resident infection or surface contamination of plant 

material by Botryosphaeriaceae species (Crous et al. 2001, Billones-Baaijens et al. 2015, Elena et al. 

2015, Görür & Akgül 2019), there are no published studies specifically investigating the effect of HWT 

on the susceptibility of grapevine canes to later challenge by Botryosphaeriaceae inoculum. Of the 

studies which have evaluated HWT’s for elimination of Botryosphaeria infection of propagation 

material only a few of these have followed the grapevines into the nursery field or vineyards to 

determine the relative infection of propagation material after being planted. For example, although 

HWT at 50⁰C x 30 min was shown by Crous et al. (2001) to reduce Botryosphaeria spp. infection of 

grapevine canes immediately after treatment, after 6 months growth in the nursery Botryosphaeria 

spp. were recovered from this material. Further, Bruez et al. (2017) reported that after a 15 year 

period in the field, the incidence of Botryosphaeria sp. and N. parvum was higher in grapevines hot 

water treated at 50⁰C for 45 min compared to non-hot water treated control plants (Bruez et al. 

2017). However, whether this increased colonisation by resident colonies of the pathogen that were 

not eliminated by the HWT treatment or subsequent infection from natural inoculum in the field was 

not determined. In the current study artificial inoculation was carried out on grapevine canes 

immediately after HWT and on rooted canes the following spring after a period of winter dormancy, 

39 weeks (9 months) after the HWT.  

The results of the study showed that HWT affected the colonisation of the canes by Neofusicoccum 

spp. Hot water treatment at 50⁰C for both 15 and 30 minutes increased the colonisation of the cane 

tissue by the pathogens both immediately after the HWT and of rooted Sauvignon blanc canes 39 

weeks later. Colonisation of canes treated at 48⁰C and 15 minutes did not differ from the untreated 

control, with those treated for 30 min at this temperature being intermediate. The standard HWT 

protocol for most nurseries is 50⁰C for 30 minutes and although shown to be effective at reducing N. 

luteum infection it was ineffective at reducing N. parvum infection of grapevine propagation material 
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(Billones-Baaijens et al. 2015). This along with the results of the current study suggests that not only 

is this HWT protocol ineffective at eliminating Botryosphaeriaceae infection of the grapevine 

propagation material, it is likely to result in increased susceptibility to pathogen challenge once 

outplanted in the nursery or vineyard. In contrast, treatment of rootstock propagation material at 

48.5⁰C for 15 minutes was shown to reduce infection by the blackfoot pathogens, Ilyonectria and 

Dactylonectria spp. (Bleach et al. 2013). Based on the results of the current study this lower HWT 

temperature is likely to not negatively affect susceptibility to Neofusicoccum spp. infection and 

therefore it can be recommended for nurseries to reduce black foot pathogen incidence.  

Canes which were sourced from the Lincoln University vineyard used in this study were naturally 

infected by Eutypa sp. For this reason, the internal lesion length was not assessed. The natural 

infection by Eutypa sp. did not appear to affect the re-isolation of N. parvum and N. luteum from the 

canes. The faster growth rate of both Neofusicoccum spp. on the re-isolation media compared with 

Eutypa sp. resulted in the Eutypa sp. colonies being outcompeted on the media. Further, although 

grapevines are commonly co-infected by several GTD pathogens (Gramaje et al. 2018), infection by 

one has the potential to increase susceptibility to another. In this study, Eutypa sp. was recovered 

from canes across all of the HWT’s, and therefore is unlikely to have affected Neofusicoccum spp. 

colonisation of the canes. 

There was no background Neofusicoccum spp. infection in the canes used for the experiments, with 

neither N. parvum nor N. luteum recovered from any of the uninoculated control canes. Further, N. 

parvum was not recovered from N. luteum inoculated canes and vice versa. Therefore, the isolates 

recovered from the canes are highly likely to be the inoculating isolate. To further confirm the 

identity of the recovered isolates molecular genotyping such as universally primed polymerase chain 

reaction (UP-PCR) analysis could be carried out. This method was used by Billones-Baaijens et al. 

(2015) to identify the N. parvum and N. luteum genotypes infecting grapevine mother vines and 

canes. Alternatively, future studies could use marker isolates such as those developed by 

Baskarathevan et al. (2013). 

Although both and Pinot noir and Sauvignon blanc canes were exposed to the same conditions 

throughout the entire experimentation process and that the planting material was harvested at the 

same time and sourced from the same vineyard location, the majority of the Pinot noir rooted canes, 

including the non-HWT controls, failed to regrow in spring following a winter dormancy period. In 

contrast, Sauvignon blanc rooted canes re-sprouted successfully after the winter dormancy. The 

exact reason for this is not clear but may reflect Sauvignon blanc having higher tolerance to external 

stresses. The stresses that may have affected the growth of Pinot noir rooted canes include the cold 

storage period between harvesting the canes prior to the HWT and rooting the canes, and transfer of 

the canes from the glasshouse to the shade house. For future studies, it is recommended that the 

propagation material be maintained as much as possible under uniform environmental conditions 
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throughout the experiment. Further, since cold storage prior to HWT has been reported to affect 

budbreak (Wample 1993) and rooting (Wample 1997), the use of the propagation material straight 

from the field or nursery without cold storage would minimise the stress that canes undergo. 

To determine the effect of HWT on grapevine growth, both E-L number and number of shoots per 

cane were assessed and provided complementary information regarding the relative susceptibility of 

the cultivars to HWT. For Sauvignon blanc the E-L number indicating that HWT stimulated budburst, 

whereas in Pinot noir HWT reduced budburst. HWT had no effect on the number of shoots per cane 

for Sauvignon blanc, but HWT of 50⁰C for 30 minutes reduced the number of shoots per cane for 

Pinot noir. Both parameters, as well as the proportion of canes which successfully rooted, indicated 

Pinot noir to be more susceptible to HWT, especially exposure to the higher temperature of 50⁰C, 

compared to Sauvignon blanc. Similar results were reported by Billones-Baaijens et al. (2015) where 

HWT at 55⁰C and 10 min completely inhibited rooting and budburst in Pinot noir, but not in 

Sauvignon blanc. Pinot noir has been classified as being more susceptible to fermentative respiration 

when exposed to HWT, decreasing growth of planting material (Waite & Morton 2007). 

The effects of HWT on the cane physiological properties and response needs further study. According 

to Halaly et al. (2008), grapevine (cultivar Perlette) canes treated at 50⁰C for 60 min broke buds 

before and in a higher proportion than non-treated canes. In another experiment, canes were 

treated at 45⁰C, 50⁰C and 55⁰C for 2 h and results were similar, where for canes treated at 45⁰C and 

50⁰C the percentage of canes showing budbreak 14-24 days after HWT was higher than in the 

untreated control. It was hypothesed that respiratory and oxidative stress might be promoting early 

budbreak. For the canes treated at 55⁰C, the results were similar to those of the control canes. These 

results suggest that there is a threshold for the stress that canes experience without having a 

detrimental effect on growth and it can vary across grapevine cultivars. Halaly et al. (2008) suggested 

that HWT affects a range of plant compounds linked to respiratory and temporary oxidative stress. It 

is therefore important to determine an accurate HWT protocol for each grapevine cultivar or variety, 

in order to not only provide effective disease control but without negatively affecting its physiology. 

Differences in the thermotolerance of canes between growing areas is another aspect that needs to 

be considered when selecting the appropriate temperature and time of exposure for the HWT 

(Bleach et al. 2013). The grapevine material for both the current study and that of Billones-Baaijens 

et al. (2015) were sourced from the Lincoln University vineyard (Canterbury, New Zealand) and may 

explain somewhat the similarity in the results. HWT at 50⁰C for 30 minutes has been reported to 

have detrimental effect on grapevine establishment and development especially to grapevines grown 

in cooler climates such as the South Island of New Zealand (Waite and May 2005, Graham 2007 in 

Bleach et al. 2013). Crocker et al. (2004) reported that HWT at 50⁰C for 30 minutes affected the 

subsequent growth and development of Pinot noir canes sourced from four Australian winegrowing 

regions differently, with propagation material sourced from Western Australia and Kineton having 
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delayed development after HWT. The brief dormancy of many V. vinefera cultivars in Western 

Australia was suggested to increase the sensitivity of canes sourced from this region to HWT. Further, 

warm summer temperatures were suggested to stimulate the development of heat shock proteins in 

the tissues which may provide some protection from the stress of HWT (Crocker et al. 2004). 

For the non-HWT dormant canes there was no difference in the relative susceptibility of the two 

cultivars to Neofusicoccum spp. infection based on the length of cane tissue colonised. In contrast, 

Billones-Baaijens et al. (2014) reported that for rooted canes Pinot noir was more susceptible than 

Sauvignon blanc to infection by N. parvum, N. luteum and N. australe, as determined by lesion 

length. The difference in the grapevine material, Neofusicoccum spp. and isolates, and assessments 

used in the two studies may have contributed to the difference in the determination of the relative 

susceptibility of the two cultivars. However, in the current study, after HWT Pinot noir dormant 

canes were more susceptible to Neofusicoccum sp. infection compared with Sauvignon blanc and is 

probably related to the differences in the tolerance to HWT between the grapevine cultivars as 

discussed earlier.  

For both dormant and rooted canes, the length of cane tissue colonised by N. parvum isolate G69a1 

was longer compared to N. luteum isolate CC445 across all HWT’s. The studies by Billones-Baaijens et 

al. (2015) and Elena et al. (2015) demonstrated that N. parvum inoculation resulted in higher 

incidence and colonisation compared with N. luteum, supporting the findings of this study. In the 

current study, since only one isolate of each species was used, consideration must be taken in 

extrapolating to the overall effect of HWT on the susceptibility of grapevines to different 

Neofusicoccum spp. Isolates of both N. luteum and N. parvum have been reported to vary widely in 

their relative, with the degree of pathogenicity of the isolates within a species not related to the 

phylogenetic group determined by UP-PCR analysis virulence (Billones-Baaijens et al. 2013b, 

Baskarathevan et al. 2017). A similar result was reported by Reis et al. (2016) who reported that the 

virulence of three N. parvum isolates inoculated onto grafted canes, with the experiment repeated 

under the same conditions for 4 years, varied with the mean lesion length of the three isolates 

ranging between 2.38 cm and 8.08 cm 3 months after inoculation. The isolates used in the current 

study were selected as they were shown to be highly pathogenic in the study of Shafi et al. (2018). 

Whether similar results would have been seen if less pathogenic isolates were selected is not known. 

It is therefore important to consider the relative virulence of isolates of different Botryosphaeriaceae 

species when comparing pathogenicity results between different studies which use different isolates.  

In the current study mycelial inoculum was used as sufficient conidia could not be produced to 

enable inoculation. The use of mycelium inoculum has been shown to result in higher infection 

levels, lesions and colonisation lengths than conidia (Amponsah et al. 2012a). Further studies using 

conidia to stimulate natural infection conditions should be carried out to determine the susceptibility 

of HWT canes to infection. Therefore, the use of mycelial inoculum in the current study, may have 
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resulted in differences in the relative susceptibility of the canes to the different HWT. Shafi (2016) 

reported that the inoculation of wounds on Sauvignon blanc green shoots with as few as 2 N. luteum 

conidia resulted in 100% infection incidence, although lesion length was shorter than when 20-100 

conidia were used to inoculate the wounds. Future work could be conducted with lower inoculum 

concentrations to investigate the relative susceptibility of HWT grapevines to inoculum 

concentrations more reflective of that expected in the vineyard. 

In this study, no external symptoms were observed on either the dormant or rooted Sauvignon blanc 

canes 4 weeks after inoculating with the Neofusicoccum spp. In other grapevine cane studies, 

external lesions caused by N. parvum have been reported at 2 (Wicaksono et al. 2017) and 4 months 

(Trotel-Aziz et al. 2019) after inoculation. In the current study, both Neofusicoccum spp. were seen to 

colonise a greater length of cane tissue for dormant compared with rooted Sauvignon blanc canes. 

This is probably due to difference in the cane physiology between dormant and actively growing 

tissue, with expression of compounds involved in plant defence to pathogen invasion (Bellée et al. 

2017) likely to be higher in actively growing tissue. However, this warrants further study.  

In conclusion, the results of the study showed that HWT increased the susceptibility grapevine 

propagation material to Neofusicoccum spp. colonisation. Whether the increased susceptibility of the 

grapevine tissue is directly due to physiological stress and/or indirectly through changes in the 

endophytic microbial communities associated with the grapevine material is not known. Although 

HWT is used to reduce pathogen colonisation of propagation material, this treatment is also likely to 

affect other members of the endophytic microbial community, which will be investigated in the 

following chapter.  
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Chapter 3 

Endophytic bacterial communities of grapevine dormant canes after 

hot water treatment (HWT) 

3.1 Introduction 

The study of the plant microbiome and its influence on plants responses to biotic and abiotic stresses 

is becoming increasingly important (Turner et al. 2013, Vandenkoornhuyse et al. 2015). Bacterial 

endophyte communities in plants have been shown to be diverse and to have a range of beneficial 

effects on plant health including increasing nutrient uptake, increased fitness and suppression of 

plant pathogens (Hardoim et al. 2015). Despite the difficulty in controlling pathogen infection of 

woody crops, the potential of endophytes to suppress pathogen infection has been reported (Rabiey 

et al. 2019). The combination of year round production, release of inoculum (Amponsah et al. 2009a) 

and the presence of wounds make protection of grapevines from infection by Botryosphaeriaceae 

pathogens difficult (Billones-Baaijens & Savocchia 2018). The potential for endophytic 

microorganisms colonising the internal tissue of woody plants such as grapevine to suppress 

pathogen infection and colonisation is an area of increasing interest (Andreolli et al. 2016, Wicaksono 

et al. 2017, Pinto et al. 2018, Jayawardena et al. 2018, Mondello et al. 2019, Pacifico et al. 2019, Liu 

et al. 2020). 

The microbiome of plants can be studied by culture-dependent methods, which also allow the 

production of a culture collection to enable investigation of the biological activity of voucher 

specimens. However since a large proportion of microorganisms are non-culturable this does not 

allow the full community to be determined (Zarraonaindia & Gilbert 2015). Culture-independent 

methods are based on DNA analysis, allowing the detection of the diversity and richness of the whole 

microbial community (Compant et al. 2011, Dissanayake et al. 2018). Polymerase chain reaction 

(PCR) and denaturing gradient gel electrophoresis (DGGE) approach has been used to determine the 

effect of different factors, including cultivar, location and tissue type on the endophytic microbial 

communities in apple (Liu et al. 2020). The study by Kang et al. (2016) showed how endophytic 

communities in pepper differed when they were cultivated in two different soil types from different 

regions in Korea. 

Endophytic bacteria present in grapevines have the ability to control GTDs, including 

Botryosphaeriaceae species (Compant et al. 2013, Mondello et al. 2018). It is also known that 

management strategies have an impact on endophytic bacteria (Campisano et al. 2014, Pinto et al. 

2014, Zarraonaindia et al. 2015), and therefore potentially their impact on plant heath and resilience 

to pathogen infection. Hot water treatments have been shown to reduce pathogen infection of 

grapevine propagation material (Crous et al. 2001, Bleach et al. 2013, Elena et al. 2015, Bruez et al. 
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2017, Eichmeier et al. 2018), but could also negatively affect endophytic bacterial communities. HWT 

was shown in Chapter 2 to increase the susceptibility of the canes to Neofusicoccum species 

infection, and whether this is associated with changes in the endophytic microbial community is 

unknown. This chapter attempts to determine whether communities of endophytic bacteria in 

dormant Sauvignon blanc and Pinot noir grapevine canes are affected by HWT using culture-

dependent and culture-independent methods. The potential for endophytic bacterial isolates 

recovered from grapevine canes from the different HWT’s are also assessed for ability to inhibit the 

growth of Neofusicoccum luteum and N. parvum to investigate whether HWT reduces the 

communities with potential to suppress Neofusicoccum species. 

 

3.2 Materials and methods 

3.2.1 Grapevine cane tissue 

To determine the effect of the HWT’s on the total and culturable endophytic bacteria communities, 

five replicate canes for each HWT (Section 2.2.3) were debarked, surface sterilised (Halleen et al. 

2003) and rinsed three times with sterile reverse osmosis water (SROW) four days after HWT. To test 

the sterilisation method, an aliquot of the final rinse water was plated onto each agar to test that no 

bacterial colonies grew. For each replicate cane, a subsample (10-15 cm) was immediately processed 

for the isolation of bacteria. Another subsample of each cane of the same size was placed in a 15 mL 

Falcon tube and stored at -80⁰C until DNA extraction. 

 

3.2.2 Isolation of endophytic bacteria 

From each cane subsample, four transverse sections (3-4 mm diameter) were cut, one section every 

2-3 cm to cover the whole length of the cane sample, using sterilised secateurs. Each of these 

sections were then cut radially into five pieces using a sterilised scalpel. Ten tissue pieces were plated 

onto both R2A agar (Difco, Becton, Dickinson and Company) and King’s medium B (Appendix A.5), 

five pieces per plate. R2A agar was used to recover total bacteria with King’s medium B used to 

specifically recover Pseudomonas spp. After 4 days incubation at 25⁰C (24 h dark), approximately five 

representative isolates per cane were selected and pure cultured onto nutrient agar (NA; Oxoid, 

Thermo Fisher Scientific Inc.) plates. Whereby a single colony was taken from each plate, transferred 

to a 1.7 mL Eppendorf tube containing 500 µL of nutrient broth (NB; Difco, Becton, Dickinson and 

Company) and placed in a shaking incubator at 200 RPM at 25⁰C for 4 days. After the incubation, 500 

µL of sterile 50% glycerol (Ajax Finechem, Fisher Scientific) was added to each tube and vortexed 

briefly. Finally, the bacterial cultures were stored at -80⁰C until used to determine the ability of these 

isolates to inhibit the growth of N. luteum and N. parvum by dual culture assays.  
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3.2.3 Bioactivity of endophytic bacteria against Neofusicoccum spp. by dual culture  

The bioactivity of the culturable bacterial isolates recovered from the grapevine tissue after HWT was 

determined using in vitro plate assays. The ability of the endophytic bacteria to inhibit the growth of 

N. luteum CC445 and N. parvum G69a1 was determined using dual culture assays.  

The bacterial isolates stored at -80⁰C were cultured onto NA and incubated at 25⁰C for 2 days. A 

sterilised toothpick was used to pick a single bacterial colony from the NA plates and used to 

inoculate a Waksman agar (WA; Appendix A.5) plate at four equidistant points (2.5 cm) from the 

centre of the plate. The plates were then inoculated centrally with a mycelial disc (6 mm diameter) 

taken from the edge of a 4-day-old colony of N. luteum CC445 or N. parvum G69a1 grown on PDA. 

Each bacterial isolate was replicated three times for both Neofusicoccum species. Negative controls 

were WA plates inoculated either with N. luteum or N. parvum. The plates were arranged in a 

completely randomized design in an incubator, incubated at 25⁰C (12h light/ 12h dark) and assessed 

after 4 days. The growth of the Neofusicoccum colony towards the four bacterial colonies was 

measured using a ruler. A mean value was determined for each replicate plate with the diameter of 

the inoculum disc (2.5 cm) subtracted. Then, a mean radius of the inhibition zone (r) was determined 

for the three plates for each bacterial isolate and each Neofusicoccum species. Based on the radial 

length of the inhibition zone (r), the bacterial isolates were categorized into four groups: no 

inhibition activity with the Neofusicoccum species overgrowing the bacterial colony (-), weak activity 

with inhibition zone of less than 7 mm around the bacterial colony but with mycelial growth to the 

edge of the plate (+), medium activity with inhibition zone of 7-12 mm (++), and high activity with 

inhibition zone > 12 mm (+++) (Figure 3.1). 

 
Figure 3.1. Representation of the different levels of inhibitory activity against Neofusicoccum sp. by 
endophytic bacteria in the dual plates assays.   
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3.2.4 Identification of endophytic bacteria by sequencing the 16S rRNA gene 

The bacterial isolates showing the highest activity against Neofusicoccum spp. (Section 3.2.3) were 

identified by sequencing the 16S rRNA gene. Bacterial stocks were taken out of the -80°C, a loop of 

each key isolate was plated onto NA plates and these were incubated for 2 days (24 h dark) at 25°C. 

From each plate, a single bacterial colony was selected and placed in a 1.7 mL Eppendorf tube 

containing 1 mL of nutrient broth (NB; Difco, Becton, Dickinson and Company) and placed in a 

shaking incubator at 200 RPM at 25⁰C for 4 days. Then the Eppendorf tubes were centrifuged at 

10000 x g for 30 s. The DNA for each isolate was extracted using the UltraClean® microbial DNA 

isolation kit (MoBio Laboratories, Carlsbad, USA) following the manufacturer’s protocol. The 16S 

rRNA regions was amplified using the primer pairs F27 (5’-AGA GTT TGA TCM TGG CTC AG-3’) and, 

R1494 (5’-CTA CGG YTA CCT TGT TAC GAC-3’) (Weisburg et al. 1991, Neilan et al. 1997). The PCR was 

carried out using 18.75 μL H2O, 2.5 μL PCR 10x Buffer +MgCl2, 0.5 μL dNTP Mix (10 μM), 0.5 μL 

forward/reverse primer (10 μM), 0.25 μL (1 U) FastStart Taq DNA Polymerase (Roche, Roche Custom 

Biotech, Switzerland) and 1 μL template DNA. Positive and negative controls (no DNA) were also run. 

The PCR included an initial denaturation at 95°C for 30 s, followed by 35 cycles of denaturation at 

94°C for 30 s, primer annealing at 55°C for 30 s, and chain elongation at 72°C for 1 min, with a final 

elongation 72°C for 7 min. After PCR, 5 L of the product was mixed with 3 L of loading dye and 

loaded onto a 1% agarose gel (Bioline, Bioline USA Inc.) in 1x TAE and run for 45 min at 100 V. A 1kb 

plus DNA ladder (Invitrogen, USA) was used as a molecular marker. Gels were stained in ethidium 

bromide (Bio-Rad Laboratories, USA) solution for 15 min and distained in tap water for 5 min and the 

gels visualized under UV light using the UVIreader (UVItec Ltd, Cambridge, UK). The PCR-amplified 

16S rRNA was sequenced directly at the Lincoln University Sequencing Facility. The obtained 

sequences were trimmed using DNAMAN 8.0 (Lynnon Biosoft, USA) to remove ambiguous 

sequences. The resulting sequences were identified by comparison with those of known origin using 

the Basic Local Alignment Search (BLAST) and the GenBank database (NCBI; www.ncbi.nlm.nih.gov).  

Based on the taxonomic threshold values outlined by Yarza et al. (2014), only isolates having a 

sequence identity above 94% compared to the NCBI reference sequences were assigned a genus 

identity. The sequences of this study and references were then aligned and the phylogenetic trees 

created using maximum likelihood algorithms with 1000 bootstrap replication using MEGA 10 

(Molecular Evolutionary Genetic Analysis, Pennsylvania State University, USA). 

  

http://www.ncbi.nlm.nih.gov/
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3.2.5 DNA extraction and amplification from grapevine canes tissue 

From each debarked and surface sterilised grapevine tissue samples stored at -80⁰C (Section 3.2.1), 

three thin transverse sections (2-3 mm) were cut using sterilized secateurs and forceps and placed in 

1.7 mL Eppendorf tubes. To each tube, 400 µL of Millipore water and 1 µL of propidium monoazide 

(PMA) (Biotium Inc., California, USA) were added. The PMA intercalates and cross-links with the DNA 

of dead cells thus preventing the amplification of DNA from non-endophyte microbes, which have 

been killed by the surface sterilisation method (Wicaksono et al. 2016, Nocker et al. 2006, 2007). The 

tubes were vortexed briefly and incubated under dark conditions for 10 min. After this, they were 

placed on ice to avoid any temperature rise and exposed to a 500 W halogen lamp (Philips, 

Netherlands) for 7 min to allow the PMA to bind to the DNA of dead cells. The tissue samples were 

then ground to a fine powder using a sterile pestle, mortar and liquid nitrogen prior to DNA 

extraction using the DNeasy® PowerPlant® Pro Kit (Qiagen, Venlo, Netherlands) following the 

manufacturer’s protocol. The quality and concentration of DNA were checked using a NanoDrop™ 

Lite™ spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). 

For analysis of total bacterial communities, the variable V3 region of the 16S rRNA gene was 

amplified using the primers 357F GC and 518R (Muyzer et al. 1993) (Table 3.1). PCR was performed in 

a thermal cycler (Proflex PCR System; Applied Biosystems, Life Technologies, USA) in a total volume 

of 24 μL containing 18.75 μL ultra-pure water (Life Technologies Ltd, Thermo Fisher Scientific Inc., 

USA), 2.5 μL PCR 10x Buffer +MgCl2, 0.5 μL dNTP Mix (10 μM), 0.5 μL forward/reverse primer (10 

μM), 0.25 μL (1 U) FastStart Taq DNA Polymerase and 1 μL DNA template. The subgroup community 

of gamma-proteobacteria (γ-proteobacteria) was amplified with a nested PCR, using the primers and 

following the procedure described by Liu et al. (2020) (Table 3.1). For each PCR sample run, control 

tubes containing all reagents but ultra-pure water instead of template DNA were included. Further, 

for the nested PCR, a negative control without DNA was included in both the primary and secondary 

PCR. 

To check for successful amplification, a 5 L aliquot of the PCR products was mixed with 4 L of 

loading dye and loaded onto a 1% agarose gel (Bioline, USA ) in 1x Tris-acetate-EDTA (TAE; Appendix 

A.5) buffer for 45 min at 100 V. A 1kb plus DNA ladder (Invitrogen, USA) was used as a molecular 

marker. Gels were stained in ethidium bromide (Bio-Rad Laboratories, USA) solution for 15 min, 

distained in tap water for 5 min and visualized under UV light using the UVIreader (UVItec Ltd, 

Cambridge, UK).  
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Table 3.1. Group-specific 16S ribosomal RNA gene and thermal cycles applied in the nested PCRs for total and gamma-proteobacteria. 

Microbial group Primer Sequence (5’-3’) 
PCR thermal cycles settings 

Initial denaturing: 
Denaturing, annealing, 

and extension 
Final extension 

Total bacteria*1 

357F GC 
 

518R 

39 bp GC clamp-CCT ACG GGA GGC AGC AG 
 

ATT ACC GCG GCT GCT GG 
1x 95°C for 3 min 

35 x 94°C for 1 min, 55°C 
for 1 min, 72°C for 1 min 

1x 72°C for 7 min 

γ-proteobacteria2 

(primary PCR) 

Gamma395F 
 

Gamma871R 

CMA TGC CGC GTG TGT GAA (where M: A or C) 
 

ACT CCC CAG GCG GTC DAC TTA (where D: A, G or T) 
1x 96°C for 4 min 

30 x 96°C for 1 min, 54°C 
for 1 min, 74°C for 1 min 

1x 74°C for 10 min 

γ-proteobacteria123 
(secondary PCR) 

518F GC 
 

Gamma785R 

40 bp GC clamp-CCA GCA GCC GCG GTA AT 
 

CTA CCA GGG TAT CTA ATC C 
1x 96°C for 4 min 

30 x 96°C for 1 min, 56°C 
for 1 min, 74°C for 1 min 

1x 74°C for 10 min 

PCR primers based on: *1 Muyzer et al. (1993), 2 Mühling et al. (2008), 3 Lee et al. (1993). 
39 bp GC clamp: 5’-CGC CCG CCG CGC GCG GCG GGC GGG CGG GGG CAC GGG GGG-3’ (Muyzer et al. 1993). 
40 bp GC clamp: 5’-CCC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GCC G-3’ (Vainio & Hantula 2000). 
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3.2.6 Denaturing gradient gel electrophoresis (DGGE) 

DGGE was performed with a Cipher DGGE Electrophoresis System (C.B.S. Scientific, USA) (Wicaksono 

et al. 2016, Liu et al. 2020). Polyacrylamide (PA) gels (acrylamide/bis acrylamide, 37.5:1) (Bio-Rad 

Laboratories, USA) were prepared using the linear denaturing gradients (Appendix A.5) described in 

Table 3.2 for each bacterial group. A 100% denaturant is defined as a mixture of 7 M urea and 40% 

(v/v) deionized formamide (ACS reagent ≥99.5%) (Sigma-Aldrich Co., USA) (Dong & Reddy 2010). For 

both low and high denaturing polyacrylamide solutions, 12 µl TEMED (Bio-Rad Laboratories, USA) 

and 70 µl 10% ammonium persulfate (APS) (Vetec™, Sigma-Aldrich Co., USA) were added to catalyse 

the polymerisation of the acrylamide. After mixing and pouring the solution, the gel was left to 

solidify for 1 h. Five μL of PCR product and 3 μL of loading dye were then loaded onto the 

polyacrylamide gels and run in 1x TAE buffer (Appendix A.5) at 58°C using the specific voltage and 

time for each group (Table 3.2). 

Table 3.2 Composition of polyacrylamide (PA) gels and the conditions used for DGGE analysis of 
different bacterial groups. 

Bacterial group Gradient 
Low denaturing PA 

(mL) 
High denaturing PA 

(mL) 
Voltage 

(V) 
Time 

(h) 

Total Bacteria 45%-65% 4.5 (100%) +5.5 (0%) 6.5 (100%) +3.5 (0%) 90 16 
γ-proteobacteria 40%-60%* 4.0 (100%) +6.0 (0%) 6.0 (100%) +4.0 (0%) 85 16 
*Total bacteria was run in 8% acrylamide gels, γ-proteobacteria was run at 7% 

 

The gel was then placed in a plastic reusable container and shaken in 250 mL SROW for 2 min. The 

SROW was discarded, 250 mL of fixative solution (89.5% Millipore water, 10% ethanol 96%, 0.5% 

acetic acid) added and the gel shaken for 10 min. The fixative solution was decanted and the gel then 

silver stained in 250 mL silver stain solution (0.5 g silver nitrate in fixative solution) and shaken for 10 

min. The staining solution was discarded, and the gel washed twice by shaking in 250 mL SROW for 2 

min. Each gel was then placed in another plastic reusable container, 50 mL developer solution (89.8% 

Millipore water, 10% NaOH 15%, 0.2% formaldehyde) was added, shaken briefly and discarded. Then, 

200 mL developer solution was added and shaken for 1 h. The developer solution was discarded, and 

the gel shaken in fixative solution for 10 min. The fixation solution was discarded, and the gel washed 

twice again in 250 mL SROW for 2 min. The gel was placed on a flat light box (Kaiser Fototechnik, 

Germany) and photographed. The gels were then placed in a container with 250 mL of Cairns’ 

preservation solution (65% Millipore water, 25% ethanol 96%, 10% glycerol) and shaken for 10 min 

and wrapped in cellophane soaked in the Cairns’ preservation solution and dried at 65°C overnight.  
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The effect of the HWT on the bacterial community similarity and richness was assessed with the 

DGGE gel pictures first analysed in Phoretix 1D (Totallab, UK), resulting in the generation of a binary 

matrix indicating the presence (1) or absence (0) of each band detected in all the lanes for each HWT 

sample. Resemblance matrices for the community profiles were produced by calculating similarities 

between each pair of samples based on Jaccard similarity index (Clarke et al. 2014) in Primer 7 

(Primer-E Ltd, Plymouth Marine Laboratory, UK). Nonmetric multidimensional scaling (nMDS), main 

and pairwise Permutational multivariate analysis of variance (PERMANOVA) tests were used to test 

the statistical difference between endophyte communities between samples. Endophyte bacterial 

richness was analysed using general linear model (GLM) in SPSS Statistics 24 (IBM, USA) followed by 

comparison of the main effect and pairwise comparisons for effect of both cultivar and HWT. 
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3.3 Results 

3.3.1 Inhibition of Neofussicoccum spp. by endophytic bacteria  

A total of 110 endophytic bacterial isolates (Appendix A.6) were recovered, 62 from Sauvignon blanc 

and 48 from Pinot noir canes. There was no observed differences in the number of bacterial isolates 

which grew from the cane pieces for the different HWT’s. All levels of inhibitory activity (Figure 3.2) 

were found against both Neofusicoccum species. However, the radius of the inhibition zone (r) was 

not significantly affected by the interaction between cultivar and HWT, cultivar or HWT for neither N. 

luteum nor N. parvum. The frequency of isolates for the different levels of cultivar and HWT were too 

low for chi-square analysis. Therefore, statistical analysis was not be carried out. 

 
Figure 3.2 Representatives showing the different levels of in vitro antagonism against Neofusicoccum 
sp. by endophytic bacteria isolated from grapevines canes. a) No (-), b) Low (+), c) Medium (++) and 
d) High inhibition (+++). 
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As presented in Table 3.3, the percentage of bacteria in each inhibitory group was similar for both 

cultivars against both Neofusicoccum species. For Pinot noir and Sauvignon blanc, most of the 

bacterial isolates (85%) showed no inhibition activity (-) against N. luteum or N. parvum. For both 

Neofusicoccum species, only a small percentage of the bacteria showed high inhibitory activity (+++). 

No bacterial isolates from Pinot noir canes showed high activity (+++) against Neofusicoccum sp., 

while four recovered from Sauvignon blanc were observed to have high inhibitory activity. 

Table 3.3 Percentage (%) of endophytic bacterial isolates recovered from Pinot noir or Sauvignon 
blanc canes with each level of inhibitory activity1 against Neofusicoccum luteum and N. parvum.  

Neofusicoccum luteum CC445 
Activity1 Pinot noir2 Sauvignon blanc2 ∑ 

- 83% (40) 87% (54) 85% (94) 
+ 6% (3) 3% (2) 5% (5) 

++ 10% (5) 5% (3) 7% (8) 
+++ 0% (0) 5% (3) 3% (3) 

Neofusicoccum parvum G69a1 

Activity Pinot noir Sauvignon blanc ∑ 

- 92% (44) 81% (50) 85% (94) 
+ 2% (1) 8% (5) 5% (6) 

++ 6% (3) 5% (3) 5% (6) 
+++ 0% (0) 6% (4) 4% (4) 

Isolates were recovered from grapevine canes after HWT. 
1 no (-), low, (+), medium (++) and high (+++) inhibitory activity 

2 Percentage of bacteria from a total of 48 isolates from Pinot noir and 62 isolates from Sauvignon blanc 
The numbers in brackets are the number of isolates. 

 

Across all the HWT’s, the greatest number of bacterial isolates showed no inhibitory activity (-) 

against N. luteum and N. parvum (85% of isolates for both) (Table 3.4). For all HWT, only a small 

percentage of bacterial isolates showed high activity (+++). No isolates having high activity (+++) 

against either Neofusicoccum species were recovered from canes HWT at 50⁰C for either 15 or 30 

min. 

Most of the isolates (82%; 90 isolates) had no inhibitory activity (-) against both N. luteum and N. 

parvum and 3% (3 isolates) of isolates demonstrated high activity (+++) against both N. luteum and N. 

parvum (Figure 3.3 A). Nine isolates were observed to have medium/high (++/+++) inhibitory activity 

against both N. luteum and N. parvum. While, two isolates showed medium/high inhibitory activity 

against N. parvum and no activity against N. luteum, and only one had medium/high inhibitory 

activity against N. luteum and no activity against N. parvum (Figure 3.3 B). 
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Table 3.4 Percentage (%) of endophytic bacterial isolates recovered from the grapevines canes after 
different hot water treatment (HWT) with different inhibitory activity1 against Neofusicoccum luteum 
and N. parvum.  

Neofusicoccum luteum CC445 
Activity1 Control 48⁰C x 15 min 48⁰C x 30 min 50⁰C x 15 min 50⁰C x 30 min ∑ 

- 12% (13) 26% (29) 15% (17) 15% (16) 17% (19) 85% (94) 

+ 2% (2) 0% (0) 0% (0) 0% (0) 3% (3) 5% (5) 

++ 3% (3) 1% (1) 1% (1) 1% (1) 2% (2) 7% (8) 

+++ 1% (1) 1% (1) 1% (1) 0% (0) 0% (0) 3% (3) 

∑ 17% (19) 28% (31) 17% (19) 15% (17) 22% (24) 100% (110) 

Neofusicoccum parvum G69a1 

Activity Control 48⁰C x 15 min 48⁰C x 30 min 50⁰C x 15 min 50⁰C x 30 min ∑ 

- 14% (15) 24% (26) 15% (17) 15% (16) 18% (20) 85% (94) 

+ 1% (1) 2% (2) 0% (0) 0% (0) 3% (3) 5% (6) 

++ 2% (2) 1% (1) 1% (1) 1% (1) 1% (1) 5% (6) 

+++ 1% (1) 2% (2) 1% (1) 0% (0) 0% (0) 4% (4) 

∑ 17% (19) 28% (31) 17% (19) 15% (17) 22% (24) 100% (110) 

Isolates were recovered from grapevine canes after HWT. The numbers in brackets are the number of isolates. 
1 no (-), low, (+), medium (++) and high (+++) inhibitory activity 

 

A) 
 N. luteum 

N. parvum - + ++ +++ 

- 82% 3% 1% 0% 

+ 2% 3% 0% 0% 

++ 2% 0% 5% 1% 

+++ 0% 0% 0% 3% 

B) 

 
Figure 3.3 A) Proportion of bacterial endophytes showing inhibitory activity (- no, +low, ++medium, 
and +++ high activity) against Neofusicoccum luteum CC445 and N. parvum G691a in dual plate 
assays. B) Venn diagram representing the number of bacterial isolates having medium (++) to high 
(+++) activity against Neofusicoccum luteum and N. parvum. 
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3.3.2 Key isolates showing high inhibitory activity against Neofusicoccum spp. 

When the comparison of the sequences with those deposited in GenBank was made, it was detected 

that the identity values for the sequences obtained with the forward primer (F27) were higher than 

those obtained with the reverse primer (R1494), therefore, the later ones were discarded from the 

analysis. The partial 16S rRNA sequences (437-849 bp) of the 12 endophytic bacterial isolates 

(Appendix A.8) that presented medium to high (++/+++) inhibitory activity against N. luteum, N. 

parvum or both showed that the isolates belonged to the genera Bacillus (n= 10) and Streptomyces 

(n=1) according to the similarity to the closest NCBI match (Appendix A.7). Similarity values from 95% 

and 100% were obtained for all isolates, except for SB16 (91%), therefore no genera was given to this 

one. The phylogenetic trees built with approximately 700 bp of the 16S rRNA gene sequences 

showed that 10 isolates (PN5,PN6, PN33, PN39, PN42, SB9, SB32, SB59, SB61 and SB62) clustered 

together with Bacillus spp. from NCBI GenBank, whilst isolate SB54 clustered with Streptomyces spp. 

from NCBI GenBank (Figure 3.4). The 10 isolates identified as Bacillus spp. were separate from the 

outgroup sequences of Pseudomonas sp. MP12, Pantoea agglumerans DSM 3493 and Enterobacter 

sp. YCR 11040543 (Figure 3.4 a). The one isolate identified as Streptomyces sp. grouped with 

sequences from other Streptomyces spp. and was separate from the outgroup Bacillus subtilis (Figure 

3.4 b). 
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Figure 3.4 Neighbour-joining phylogenetic tree based on alignment of partial 16S rRNA gene 
sequences of the (a) 10 isolates identified as Bacillus sp. and (b) 1 isolate identified as Streptomyces 
sp. recovered from dormant grapevine canes that demonstrated medium (++) to high (+++) inhibitory 
activity against Neofusicoccum luteum and N. parvum in dual culture assays. Percentages at the 
branch nodes indicate the bootstrap values on 1000 re-sampling. The bar represents the number of 
mutations per sequence position. Isolates prefixed with PN were isolated from Pinot noir and SB 
isolated from Sauvignon blanc canes. 
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3.3.3 Total bacteria and γ-proteobacteria community richness and similarity on 
grapevine canes after hot water treatment (HWT) 

Bacterial richness 

The bacterial richness was significantly affected by the interaction between cultivar and HWT for 

both total bacteria (p=0.033) and γ-proteobacteria (p=0.037) (Table 3.5; Representative gels 

presented in Appendix A.10). Pairwise comparisons between cultivars for each HWT showed that 

bacterial richness was significantly higher (p<0.001) for Pinot noir when compared to Sauvignon 

blanc for all HWT, except for the non-HWT control (Table 3.5). While for γ-proteobacteria significance 

between cultivars was only found for 48⁰C x 15 min (p=0.022) where the richness was significantly 

higher for Sauvignon blanc compared with Pinot noir (Table 3.5; Appendix A.9). For both total 

bacteria and γ-proteobacteria richness, none of the pairwise comparisons between HWT’s were 

significantly different for Pinot noir. While for Sauvignon blanc, the richness in the non-HWT control 

canes was significantly higher than in 48⁰C x 15 min treated canes for both total bacteria (p=0.012) 

and γ-proteobacteria (p=0.026) (Table 3.5; Appendix A.9). There was a significant effect (p<0.001) of 

cultivar on the richness of the total bacteria, with Pinot noir having a higher bacterial richness 

compared with Sauvignon blanc. However, there was no significant effect (p=0.487) of cultivar on γ-

proteobacteria richness. There was no significant effect of HWT on either total bacteria (p=0.328) or 

γ-proteobacteria (p=0.097) richness (Table 3.5; Appendix A.9). 

Table 3.5 Total bacterial and γ-proteobacteria richness estimated by DGGE from Sauvignon blanc or 
Pinot noir grapevine canes after being subjected to hot water treatment (HWT). 

Bacterial 
group 

Cultivar Control 
48⁰C x 
15min 

48⁰C x 
30min 

50⁰C x 
15min 

50⁰C x 
30min 

Mean 
values 

Total bacteria 

Pinot noir 19.02 A 21.4 A* 21.4 A 22.6 A 22.2 A 21.31 X 

Sauvignon blanc 16.0 a 11.6 ab 8.8 b 13.4 ab 12.4 ab 12.4 Y 

Mean values 17.53 16.5 15.1 18.0 17.3  

γ-
proteobacteria 

Pinot noir 19.82 A 19.0 A* 21.6 A 23.2 A 22.2 A 21.21 X 

Sauvignon blanc 17.8 a 24.8 ab 25.6 b 19.2 ab 22.2 ab 21.9 X 

Mean values 18.83 21.9 23.6 21.2 22.2  

*Means for species richness in bold are significantly different for comparison between the two cultivars Pinot noir and 
Sauvignon blanc for each HWT determined by pairwise comparisons. 
1Comparison of overall effect of cultivar across treatments (X-Y) means were significant for total bacteria (p <0.001) but not 
for γ-proteobacteria (p=0.487). 
2Means for species richness for the different HWT’s followed by the same letter are not significantly different from the non-
HWT control for Pinot noir (A-B) Sauvignon blanc (a-b) and determined by pairwise comparisons. 
3Means for species richness for comparison between HWT were not significantly different. 
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Bacterial similarity 

The interaction cultivar and HWT was significant for both total bacterial similarity (p=0.001) and γ-

proteobacteria similarity (p=0.001) (Appendix A.9). All pairwise comparisons between cultivars for 

each HWT were significantly different (p<0.05) for the total bacteria communities (Appendix A.9). For 

γ-proteobacteria, the communities between Pinot noir and Sauvignon blanc were significantly 

different (p<0.05) for all HWT’s except for the non-HWT control. For comparison between the HWT’s 

on the total bacterial community similarity for Pinot noir, the non-HWT control was significantly 

different from the communities from 48⁰C x 30 min (p=0.006), 50⁰C x 15 min (p=0.047) and 50⁰C x 30 

min (p=0.011) treated canes. The total bacterial community from the 48⁰C x 30 min treated canes 

was also significantly different from the 48⁰C x 15 min (p=0.042) and 50⁰C x 15 min (p=0.007) treated 

canes. For Sauvignon blanc, the total bacterial community from the non-HWT control was 

significantly different from the communities from the 48⁰C x 15 min (p=0.007), 48⁰C x 30 min 

(p=0.046) and 50⁰C x 30 min (p=0.013) treated canes. No other comparisons between the total 

bacterial communities between the different HWT was significant for Sauvignon blanc. For 

comparison between the HWT’s on the γ-proteobacteria communities for Pinot noir, the non-HWT 

control community was significantly different from the communities from 48⁰C x 15 min (p=0.005) 

treated canes. The γ-proteobacteria communities from the 48⁰C x 15 min treated canes differed 

significantly compared with the communities from 50⁰C x 15 min (p=0.045) and 50⁰C x 30 min 

(p=0.010) treated canes. While for Sauvignon blanc, the γ-proteobacteria community from the 48⁰C x 

30 min treated canes differed significantly from the communities from the non-HWT control 

(p=0.008), 48⁰C x 15 min (p=0.008) and 50⁰C x 30 min (p=0.011) treated canes. The γ-proteobacteria 

community in Sauvignon blanc also differed significantly (p=0.039) between the 50⁰C x 15 min and 

50⁰C x 30 min treated canes. For the total bacteria, the communities from each cultivar, Pinot noir 

and Sauvignon blanc, tended to cluster (Figure 3.5 A, Appendix A.10). For Pinot noir, the communities 

for the HWT canes were more homogenous, tending to cluster more tightly, compared with the 

community from the non-HWT canes. This was not observed for Sauvignon blanc, where the 

communities from all treatments appeared more heterogenous. For the γ-proteobacteria, the 

communities from the non-HWT Sauvignon blanc and Pinot noir canes clustered together and with 

the communities from the HWT Pinot noir canes (Figure 3.5 B, Appendix A.10). The communities 

from the Sauvignon blanc non-HWT control canes were distinct from the communities from the 

communities from the HWT treated canes. For both Pinot Noir and Sauvignon blanc the γ-

proteobacteria communities in the non-HWT control canes appeared more heterogeneous than 

those in the HWT canes.  
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Figure 3.5 Non-metric multidimensional scaling (nMDS) of (A) total and (B) γ-proteobacteria 
endophytic communities in Pinot noir (●) and Sauvignon blanc (▲) dormant canes after hot water 
treatment (HWT). Plot represented by the interaction between cultivar and HWT. 
 

Cultivar significantly affected both the total bacterial (p=0.001) and γ-proteobacteria (p=0.001) 

community similarity. Hot water treatment also significantly affected both the total (p=0.005) and γ-

proteobacteria (p=0.001) community similarity. Pairwise comparisons between the different HWT’s 

(Appendix A.9) showed that the total bacteria communities in the 48⁰C x 30 min treated canes 

differed significantly to the communities from the non-HWT control (p=0.002) and 50⁰C x 30 min 

(p=0.027) treated canes. For the γ-proteobacteria, the communities in the non-HWT control canes 

differed significantly from those from the 48⁰C x 15 min (p=0.013) and 48⁰C x 30 min (p=0.033) 

treated canes. The communities from the 48⁰C x 15 min treated canes were significantly different 

from those from the 48⁰C x 30 min (p=0.012), 50⁰C x 15 min (p=0.028) and 50⁰C x 30 min (p=0.003) 

treated canes. The γ-proteobacteria communities from the 48⁰C x 30 min and the 50⁰C x 30 min 

treated canes also differed significantly (p=0.001). The total bacteria and γ-proteobacteria 

communities for each HWT tended to cluster (Figure 3.6). 

 
Figure 3.6 Non-metric multidimensional scaling (nMDS) of (A) total and (B) γ-proteobacteria 
endophytic communities in grapevine dormant canes after hot water treatment (HWT). Plot 
represented by the factor HWT.  
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3.4 Discussion 

This study is the first to assess the effect of HWT on the endophytic bacteria colonising dormant 

grapevine canes. Endophytic bacteria were recovered from the canes and their bioactivity against 

Neofusicoccum spp. pathogens as assessed in dual culture. Results regarding the inhibitory activity of 

endophytic bacteria against N. luteum and N. parvum varied between HWT. No endophytic bacteria 

showing high activity (+++) against either Neofusicoccum spp. were isolated from canes treated at 

50⁰C, suggesting that HWT at this temperature negatively impacted members of the endophytic 

bacterial community with high inhibitory activity. In contrast, the number of isolates of highly 

inhibitory bacteria recovered from canes treated at 48⁰C were similar to that from the non-HWT 

canes. Although there are no similar studies for endophytic bacteria, Görür & Akgül (2019) evaluated 

the effect of HWT on culturable endophytic fungi present in dormant canes. They reported that as 

temperatures increased from 30⁰C to 52⁰C, there was an overall decrease in the isolation rates of 

endophytic fungi, except for Acremonium sp., where there was an increase its isolation rates after 

HWT. Further, the HWT at 53⁰C for 30 min eradicated all fungi except Acremonium sp. and Alternaria 

alternata (Görür & Akgül 2019). These results may indicate that whilst HWT generally reduces the 

populations of endophytic microbes, it may facilitate colonisation by others which are more tolerant 

of the increased heat. However, since in the current study only a proportion of the total number of 

bacteria recovered from the canes were assessed for bioactivity, and only those with high bioactivity 

were identified to genus levels only, additional research is needed to further investigate whether this 

is the case of endophytic bacterial communities. Nevertheless, although HWT may have an effect on 

the communities immediately after treatment, Bruez et al. (2017) did not find a long term effect of 

HWT on grapevine fungal microflora. 

In this study, 18% of the endophytic bacteria isolates showed some level of inhibitory activity against 

one of the Neofusicoccum spp. Similar results were reported by Wicaksono et al. (2016), where 20% 

of endophytic isolates recovered from a New Zealand native medicinal plant (Leptospermum 

scoparium, Mānuka) inhibited the mycelial growth of N. luteum and 5.2% showed strong inhibition. 

The frequency was also similar to that reported for ginseng, where 18% and 24% of the endophytic 

bacteria inhibited the growth of Phytophthora capsici and Pythium ultimum, respectively (Cho et al. 

2007), but higher than the proportion (2.4%) of apple bacterial endophytes reported to inhibit the 

pathogen Neonectria ditissima (Liu et al. 2020). In the current study, 3% and 4% of the isolates 

showed high inhibitory activity against N. luteum and N. parvum, respectively. Despite the 

proportions of bacteria showing inhibitory activity between this and the study of Wicaksono et al. 

(2016) being similar, the inhibition zone categorised as being highly inhibitory in the two studies 

varies, 12 mm in the current study compared with 10 mm used by Wicaksono et al. (2016). Further in 

the current study all isolates were recovered from grapevine cane tissue albeit some of these had 
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been HWT. In contrast in the other studies the bacteria were recovered from a range of plant tissue. 

For example in the study of Wicaksono et al. (2016), isolates were recovered from a range of Mānuka 

tissue, including leaves, stem and roots, with the proportion of these inhibiting N. luteum growth 

varying, 25% of bacteria from roots, 13% from stem tissue and none from leaves. Another fact to 

consider is that the susceptibility of different isolates of the fungal pathogen to the endophytic 

bacteria may vary so care must be taken when comparing between different studies using different 

Neofusicoccum spp. isolates.  

Phylogenetic analysis of the endophytic bacteria isolates having medium to high inhibitory activity 

(++, +++) against Neofusicoccum spp. showed that they belong to two genera from two different 

phyla. Ten of 12 Firmicutes isolates (PN5, PN6, PN33, PN39, PN42, SB9, SB32, SB59, SB61 and SB62) 

were classified as Bacillus sp. This genus is commonly isolated from grapevines (Campisano et al. 

2014, Berlanas et al. 2019) and have been reported as antagonists of Botryosphaeria dieback causal 

agents (Alfonzo et al. 2009, Kotze et al. 2011, Andreolli et al. 2016, Trotel-Aziz et al. 2019). The genus 

identity of isolate SB16 could not be confirmed, and further sequencing will be required to elucidate 

identity. The other isolate (SB54, Streptomyces sp.) belongs to the phylum actinobacteria. This genus 

has also previously been detected in grapevines (West et al. 2010, Ziedan et al. 2010, Haggag & 

Abdall 2012, Thomas et al. 2017). The biocontrol potential of Streptomyces sp. has been 

demonstrated against Dactylonectria spp., Ilyonectria spp., Phaeomoniella chlamydospora and P. 

minimum, all causal agents of young grapevine decline (Álvarez-Pérez et al. 2017). However, few 

studies have demonstrated the efficacy of Streptomyces spp. against Botryosphaeria dieback causal 

agents. Zhang et al. (2016) reported postharvest treatment of apple fruit with Streptomyces rochei A-

1 to reduce the lesion area (by 65%) and incidence of B. dothidea. Purushotham et al. (2018) 

recovered Streptomyces sp. PRY2RB2 from the New Zealand native medicinal plant, Pseudowintera 

colorata (Horopito), which inhibited the growth of both N. luteum and N. parvum in dual culture, but 

this isolate was not tested in planta against the pathogens. The current study is the first report of an 

endophytic Streptomyces sp. isolate recovered from grapevines showing antagonistic activity against 

Neofusicoccum spp. However, although these isolates were able to decrease mycelial growth in dual 

plates, further work is required to determine their potential to suppress infection and colonisation of 

grapevine material by the pathogens. 

The endophytic bacteria isolated by Andreolli et al. (2016) in 3-year old vines was predominately 

Bacilli, followed by Actinobacteria, similarly, Baldan et al. (2014) predominately identified Bacilli 

cultured from the grape cultivar Glera. Both studies match with the proportion of the bacterial 

isolates that demonstrated medium to high activity (++, +++) in this study.  
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In the present study the bacteria were isolated by placing surface sterilised tissue segments onto 

agar. A similar method was used by Coombs & Franco (2003), Wickasono et al. (2016), Purushotham 

et al. (2018) and Liu et al. (2020). A more representative endophyte bacterial collection may have 

been recovered if the tissue had been macerated/pulverised in sterile buffer with the resulting tissue 

suspension plated onto selective media as suggested by Le Cocq et al. (2017) to release microbes 

closely associated with the plant tissue. Further, although R2A agar which is lower in nutrients than a 

high nutrient agar such as nutrient agar (NA) was used to recover the endophytic bacterial isolates, 

the method used potentially selected for more faster growing species as the colonies were recovered 

after 4 days. Slower growing bacterial isolates may not have been observed after this incubation time 

and may represent other genera with potential bioactivity that were missed. 

The Streptomyces sp. isolate recovered in the current study was isolated on R2A agar, a general 

bacterial isolation media. Although actinobacteria have been reported as common endophytes of 

grapevines (West et al. 2010, Baldan et al. 2014, Andreolli et al. 2016), this is the first report of an 

actinobacteria as an endophyte of grapevine in New Zealand. The use of a media selective for the 

isolation of actinobacteria may have resulted in an increased recovery of this group of bacteria from 

the grapevine canes. Of the limited studies of endophytic actinobacteria associated with plants in 

New Zealand Purushotham et al. (2018) using the actinobacteria selective medium, Bennett’s agar, 

recovered nine endophytic actinobacteria isolates from Pseudowintera coloranta. In contrast, Liu 

(2019) isolated only one endophytic actinobacteria isolate from apple tissue on Actinobacteria 

Isolation Agar. Whether these results demonstrate that endophytic actinobacteria represent only a 

minor component of the endomicrobiome of New Zealand plants, or the challenging nature of the 

isolation of these into pure culture, has not been determined. Jiang et al. (2016) showed that to fully 

study actinobacterial communities, a range of media with different components are required. 

However, given their bioactivity against a range of plant pathogens, further attempts to recover 

isolates from a grapevine tissue using a range of actinobacteria selective media should be carried 

out. 

Using the culture-independent technique, PCR-DGGE, the results of the study showed that the total 

endophytic bacterial communities of the two grapevine cultivars were distinct. Similar results were 

observed by Liu et al. (2020) for apple cultivars, Hardoim et al. (2011) for rice and by illumina 

sequencing by Blaustein et al. (2017) for citrus, which showed host was a major driver of endophyte 

microbial communities. However, in the untreated control canes the γ-proteobacteria bacterial 

communities in the two overlapped indicating a similar community associated with the two cultivars. 

This differs to the results of Liu et al. (2020) for γ-proteobacteria bacterial communities of apple, 

where the communities were reported to differ between cultivars. In the current study, the 

grapevine cane material for both cultivars was obtained from the same Lincoln University vineyard 
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and therefore exposed to similar conditions which may have resulted in the γ-proteobacteria 

communities being conserved between cultivars. In contrast, in the study of Liu et al. (2020) apple 

tissue samples for cultivar comparisons were obtained from different orchard sites and the samples 

comprised stem and leaf tissue. Further, whereas the endophytic microbial community in the apple 

cultivar Royal Gala were more diverse than in Braeburn, the diversity of both the total and γ-

proteobacteria endophytic bacterial communities determined in the current study was similar for the 

two grapevines cultivars.  

HWT was seen to reduce the total bacterial richness in Sauvignon blanc but not in Pinot noir 

suggesting that Sauvignon blanc total bacteria community was more susceptible to HWT than Pinot 

noir. However, the total bacterial community in Pinot noir was more homogenous in canes after 

HWT at 50⁰C. Although there are no comparable studies investigating the effect of HWT on 

endophytic bacterial communities of grapevine, Eichmeier et al. (2018) reported that HWT of two 

grapevine cultivars, Garnacha Tintorera (grafted on 110 Richter) and Sauvignon blanc (grafted on 

SO4) at 50⁰C and 53⁰C for 30 min, affected both the abundance and composition of the endophytic 

fungal communities as determined by both culturing and high throughput sequencing. Further, the 

endophytic fungal communities associated with two cultivars were seen to be affected differently. 

Other management practices have been shown to affect the endophytic bacterial communities of 

grapevine cultivars differently. Although, Campisano et al. (2014) reported higher endophytic 

bacterial community richness in organic vineyards compared to conventionally managed vineyards, 

the response of the endophytic bacterial communities associated with two different cultivars to the 

management practices differed. Whilst the communities in the cultivars Chardonnay and Merlot 

were similar under conventional management system, they differed when managed under an organic 

system. These findings suggest the endophytic microbial communities of different grapevine cultivars 

can respond differently when subjected to the same management conditions. 

In the current study, although a diverse γ-proteobacteria community was identified within the 

grapevine cane material by PCR-DGGE, members of the γ-proteobacteria such as Pseudomonas and 

Pantoea species were not identified in the isolates showing high inhibitory activity against the 

Neofusicoccum spp. Species of the γ-proteobacteria are often described as a major group present in 

grapevines. Campisano et al. (2014) reported Pseudomonas spp. as the third most common bacterial 

genus isolated from Merlot and Chardonnay vines, accounting for 10% of the isolates recovered. 

Similarly, Andreolli et al. (2016) found that members of the γ-proteobacteria were the third and 

second most commonly isolated strains from the stems of 3-year (17%) and 15-year (36%) old vines, 

respectively. However, only isolates of Bacillus and Brevibacillus spp. were shown to inhibit the 

growth of N. parvum. In another study, Andreolli et al. (2019) showed that the endophytic isolate 

Pseudomonas protegens MP12 was able to inhibit N. parvum and that this isolate was able to 
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effectively colonise the internal grapevine tissues. Further, of the endophytic bacteria recovered 

from Mānuka by Wicaksono et al. (2016) isolates of γ-proteobacteria were demonstrated to have the 

greatest inhibitory activity against N. luteum and N. parvum. Further, the Pseudomonas sp. isolates 

W1R33 and I2R21 were transferable to grapevines and inhibited the colonisation by both 

Neofusicoccum species (Wicaksono et al. 2016). In the current study, as discussed earlier, only a 

small proportion of the isolates recovered were from non-hot water treated canes and only a small 

proportion of those which showed high inhibitory activity were identified to genus level. As such the 

effect of the HWT on the γ-proteobacteria community seen in the community similarity results from 

the DGGE analysis may have reduced the likelihood of identifying γ-proteobacterial members with 

activity. 

PCR will amplify DNA from both viable and dead microbes. Although treatment of the tissue with 

PMA was conducted after the surface sterilisation treatment to preclude the amplification of DNA 

from microbes killed by the surface sterilisation method (Wicaksono et al. 2016), DNA from non-

viable microbes due to the HWT present within the tissue would have been protected from the 

treatment and therefore would have potentially been amplified. This may have resulted in an under 

estimation of the effect of the HWT’s on the endophytic microbial communities. In future the tissue 

could be macerated post surface sterilisation and the treated with PMA to ensure that DNA from 

these microbes are not amplified.  

The richness for the γ-proteobacteria determined by the number of unique bands was greater than 

that determined for the total bacteria. This anomaly is hard to explain but could be associated with 

primer bias where certain templates are preferentially amplified in the PCR. Hansen et al. (1996) 

reported preferential amplification of one microbial species from a mixture of four isolates with the 

preferred species differed with different primers. 

In the current study only the presence or absence of putative bacterial taxa and not the relative 

abundance of different taxa was determined. The HWT’s may not have eliminated specific taxa, as 

was shown by Eichmeier et al. (2018) for fungal endophytes, but may have reduced their relative 

abundance. The use of Illumina based next-generation sequencing approaches which are currently 

being used to determine the relative abundance of microbial operational taxonomic units (OTUs) in 

plants (Blaustein et al. 2017, Eichmeier et al. 2018, Purushotham et al. 2020) may reveal the effect of 

HWT’s on the abundance of different endophyte taxa. DGGE was used to investigate the effect of 

HWT on the complete endophytic bacterial communities. Although the method is a well-established 

and widely used technique there are some potential limitations of DGGE for investigating microbial 

communities. These include the potential for DGGE fragments from different species with similar 

sequences or with the same melting behaviour co-migrate and therefore not being resolved in the 
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DGGE gel (Ercolini 2004). Further, a single bacterial species may potentially produce more than one 

band (Dowd et al. 2008), and that minor components of the microbial community may not be 

detected (Muyzer et al .1993). Since this may then result in over or under estimation of the 

community diversity the use of Illumina based next-generation sequencing would provide a better 

resolution of species identity. However, regardless of the potential limitations, several studies have 

demonstrated DGGE and high throughput sequencing to provide a similar representation of the 

bacterial community composition and diversity (İnceoǧlu et al. 2011, Cleary et al. 2012, Purushotham 

et al. 2020). Further, since the major focus of this study was to identify major shifts in community 

composition in response to HWT, this tool provided valuable information of the effect of HWT on the 

bacterial community of grapevine propagation material. 

In conclusion, this study provided new information on the effect of HWT on both the culturable and 

total bacterial endophyte community associate with dormant grapevine canes. The results indicate 

that HWT, especially treatment at 50⁰C, altered both the culturable and culture independent 

bacterial communities. However, further work is needed to determine the species affected and 

whether this change is long term. Further, members of the endophytic bacterial communities were 

shown to be able to suppress the mycelial growth of Neofusicoccum luteum and N. parvum and 

isolates with high activity were not recovered from canes hot water treated at 50⁰C. Therefore, 

whether the increased susceptibility of HWT canes to Neofusicoccum spp. colonisation seen in 

Chapter 2 is associated with changes in these communities is unclear. Whether these inhibitory 

isolates are directly able to inhibit infection and colonisation of grapevine canes by these pathogens 

needs to be determined. 
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Chapter 4 

Concluding discussion 

The current study has confirmed that HWT at 50⁰C can cause detrimental impacts to grapevine canes 

with the treatment resulting in great subsequent colonisation of the grapevine cane tissue by 

Neofusicoccum spp. and having a negative effect on subsequent budbreak and cane growth. The 

effect on the endophytic bacterial communities, and specifically their influence on susceptibility of 

the tissue to pathogen infection was not as clear. Although the results indicated that HWT affected 

both the culturable and total bacterial communities, including that no highly inhibitory bacterial 

isolates were recovered from canes treated at 50⁰C, whether the increased susceptibility to 

Neofusicoccum spp. can be directly attributed to changes in these communities has not been 

confirmed. HWT might also affect the physiology and specifically the production of metabolites 

associated with stress response, however this was not addressed in the current study and should be 

the focus of future studies. 

The reaction of plants to pathogens generally overlap with those to abiotic stress, with abiotic stress 

usually negatively affecting a plant’s susceptibility to diseases (Chojak-Koźniewska et al. 2018). For 

example, abscisic acid (ABA) is reported to play important roles in regulating plant responses to 

various abiotic stresses, including stress associated with dehydration, such as drought, salinity, and 

cold stress (Zhu et al. 2016), but is also associated with heat tolerance (Wang et al. 2017). ABA-

induced heat tolerance was shown to be associated with the activation or induction of heat-

protective genes and proteins, including the production of heat shock proteins (Baniwal et al. 2004, 

Kotak et al. 2007). However, ABA has also been shown to interfere with plant responses to biotrophic 

and necrotrophic pathogens through antagonisms of the salicylic acid and jasmonic acid/ethylene 

defence signalling pathways, respectively (Ton et al. 2009, Lievens et al. 2017). Therefore, it is likely 

in this study that the reaction of the plant to the HWT may also have resulted in ABA-induced heat 

tolerance which would then negatively affect the plants response to Neofusicoccum spp. infection via 

these defence pathways.  

The effect of HWT on the production of plant metabolites present in grapevine canes has not been 

investigated. Several important groups of secondary metabolites are produced by plants in response 

to abiotic and biotic stress including phenolics, terpenoids and phytoalexins such as stilbenes 

(Pridham et al. 1965). Fungal pathogens including Botryosphaeriaceae associated with wood necrosis 

and cankers have been reported to be able to metabolise compounds such as terpenoids and 

stilbenes produced by plants in response to biotic and abiotic stress (Paolinelli-Alfonso et al. 2016, 

Stempien et al. 2017). Further, the use of HWT as a postharvest-measure in different commercial 
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crops has been shown to increase the concentration of phenols in fruit tissue after treatment 

(Sharma et al. 2013, Sui et al. 2014, Chen et al. 2015). In grapevine buds, the accumulation of 

phenols has been related to abiotic factors such as temperature (Qsaib et al. 2014). Further, 

Spagnolo et al. (2014) detected a higher concentration of total phenols in the brown discoloured 

wood associated with Botryosphaeriaceae pathogen infection. Genes involved in the 

phenylpropanoid pathways were shown to be upregulated in heat stressed grapevine plants 

(Paolinelli-Alfonso et al. 2016). Further, the Botryosphaeriaceous pathogen, Lasidiplodia theobromae 

was shown to have genes encoding for enzymes involved in the metabolism of phenolic compounds 

including plant phenylpropanoid precursors, suggesting that these fungi may be able to utilise these 

compounds produced under stress to increase colonisation of the grapevine tissue.  

Although treatment of canes at 50⁰C for 30 minutes was shown to have negative effects on vine 

health and establishment, treatment at 48⁰C for 30 minutes was seen to have minimal impacts 

compared with the untreated control canes. Further treatment at 48.5⁰C for 30 minutes was shown 

by Bleach et al. (2013) to be effective at eliminating infection by the black foot pathogens, 

Dactylonectria and Ilyonectria spp. Therefore, it can be recommended that nurseries in temperate 

winegrowing regions such as New Zealand use 48⁰C for 30 minutes as their standard HWT, rather 

than 50⁰C for 30 minutes. However, given that Pinot noir was shown both in this study and that of 

Billones-Baaijens et al. (2015) to be more susceptible to HWT than Sauvignon blanc, and that its 

susceptibility to Neofusiccocum spp. colonisation after a period of growth was not tested, further 

work is needed to verify that HWT 48⁰C for 30 minutes does not increase susceptibility of this 

cultivar. It is however, important to emphasise that a particular cultivar may differ in its 

thermotolerance depending on the local climate in the region grown (Bleach et al. 2013). Therefore, 

it is recommended that the temperatures and time exposure for HWT should be established 

according not only to the specific cultivar, but also to the region’s climate. Further, it is highly 

recommended that HWT is combined with other phytosanitary measures to ensure long term vine 

health beyond the nursery stage (Bruez et al. 2017, Waite et al. 2018, Görür & Akgül 2020). For 

instance, the application of biocontrol agents are alternatives for sustainable production systems 

(Perlot et al. 2017, Berbegal et al. 2019). 

In the current study endophytic bacterial isolates with high inhibitory activity against N. luteum and 

N. parvum were identified. However, the isolates were only screened in dual culture for ability to 

inhibit the mycelial growth of the two pathogen species. Further work should be carried out to 

determine their ability to inhibit colonisation of grapevine tissue by the Neofusicoccum spp. 

pathogens. Endophytic bacterial isolates with the ability to colonise the internal plant tissue would 

potentially provide long term protection against wound infection by these pathogens. If shown to 

have biocontrol activity and maintain populations within grapevine tissue long term, such isolates 



 60 

could be applied to grapevine propagation material after or even without HWT, prior to supplying to 

growers for outplanting in their vineyards. 

The microbiome of grapevines has been studied by culture-dependent and independent approaches 

(Eichmeier et al. 2018). For this study, culture-independent results obtained with DGGE provided 

valuable information on the effect of HWT on the bacterial communities. However, this method does 

not provide taxonomic information with regards to the communities unless bands are excised and 

sequenced. However, only bands which are intense and well separated from others lend themselves 

to be easily identified using this method. Further, low abundant and rare taxa might not be detected 

(Morgan et al. 2017). Another consideration is that a single taxon (species/genera), might be 

represented by more than one band, or that two or more species may co-migrate leading to an over 

or under estimation of species diversity (Dowd et al. 2008, Ercolini 2004). To check possible co-

migration or confirm separate bands in the DGGE gel, DNA extracted from a mixture of endophytes 

of known identity can be run along with the samples. This procedure can also contribute to identifing 

taxa affected by HWT. 

Culture-independent methods such as next generation sequencing (NGS) enable high-throughput to 

detect operational taxonomic units (OTU) providing an accurate estimation of the taxa size 

(abundance) of single bacterial genera or species (Dissanayake et al. 2018). This could be 

implemented in future studies for a more accurate estimation of the effect of HWT on endophytic 

bacterial communities and identification of the taxa which are impacted. However, NGS also has 

limitations, for instance due to the short sequence reads that are generally obtained, 16S rRNA 

sequences generated using these platforms generally cannot identify members of the communities 

beyond genus level (Claesson et al. 2010). Bacterial functionality, especially in relation to pathogen 

inhibition and biocontrol ability, is not only critically at the species level but often at the subspecies 

or even individual isolate level and therefore although this techniques provides valuable information 

as to the overall shift in community it is likely to not provide sufficient information as to the potential 

relationship between these communities and susceptibility to pathogen infection. The use of 

metagenomic or metatranscriptomic platforms would be valuable to identify the effect of HWT on 

the functions of these communities. 

Compared with culture dependent methods, culture independent techniques enable the detection of 

higher taxa richness including those species that are not culturable (Zarraonaindia & Gilbert 2015). 

However, their implementation in combination with culture-dependent methods are often required 

to enable the identification of taxa to species level (Dissanayake et al. 2018). Further, differences in 

the results obtained between the approaches can occur. Eichmeier et al. (2018) reported differences 

in the results obtained between culture-dependent and culture-independent approaches when 
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assessing the effect of HWT on fungal endophytic communities in two grapevine cultivars. For 

Sauvignon blanc, using NGS, similarity was found between in the communities of dormant canes and 

plants after one season growth. However, no similarity was found between the communities by 

traditional isolation. On the other hand, for the cultivar Garnacha Tintorera, using NGS the 

communities were seen to be different but certain similarity in the communities was observed using 

the traditional isolation method (Eichmeier et al. 2018). The integration of both culture-dependent 

and culture-independent methods is the most recommended approach for the study of plants 

microbiome, including grapevines. 

In conclusion, this study has provided evidence that HWT of grapevine propagation material at 50⁰C 

not only negatively affects the growth and establishment of grapevine propagation material it also 

increases their susceptibility, both immediately after treatment but also after a period of growth, to 

Neofusicoccum spp. infection. Therefore, this study provides valuable information to the New 

Zealand industry with regards to the indirect impacts of HWT and supports the recommendation by 

Bleach et al. (2013) that if HWT of propagation material is required then for cool climate viticulture 

regions a lower temperature protocol should be implemented. 
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Appendices for Chapter 2  

A.1 Production of conidia from Sauvignon blanc shoots 

A.1.1 Materials and methods 

The method described by Amponsah et al. (2008) was used to produce conidia of the two 

Neofusicoccum species. Sauvignon blanc shoots (20 cm) were harvested from the Lincoln University 

vineyard and placed in 28 mL Universal bottles containing 15 mL of tap water and supported with 

Parafilm™ (American National Can™, Sigma-Aldrich Co.). The internode surface of the shoots was 

sterilized with 70% ethanol before making a superficial wound (5 mm) using a sterile scalpel where 

the mycelial discs, taken from the edges of the plates, were inoculated. Universal bottles containing 

the shoots for each isolate were placed inside sealed plastic containers (40 L), previously sterilized 

with 70% ethanol (Figure A.1b). Control shoots were inoculated with sterile agar to ensure that the 

shoots were free of Neofusicoccum sp. infection. Twelve shoots were set up for each isolate. For the 

first 3 days high humidity was maintained inside the container by spraying with sterile reverse 

osmosis water (SROW) to ensure colonization. Approximately 10 to 14 days after inoculation, 

pycnidia started to form in the lesions (Figure A.1b, c). Before pycnidia started to ooze, the pieces of 

shoot (6-8 cm) containing the lesions and pycnidia were cut and surface sterilised by dipping in 70% 

ethanol for 45 s and rinsed with SROW for 30 s. The pieces were dried for 6 h in a sterile laminar flow 

hood and then stored at room temperature (~20⁰C) in sterile Petri plates sealed with Parafilm™. 

When conidia were required, shoots pieces were taken from storage, placed on sterilized moist 

tissue paper inside sterile Petri plates and incubated at 25⁰C for 24 h of light and dark conditions 

under 12 h light and 12 h dark conditions. This induced the pycnidia to ooze. Each piece was placed 

into a 15 mL Falcon tube with 2 mL of cooled (4⁰C) SROW and vortexed for 30 s. Finally, the 

concentration of conidia was estimated using a haemocytometer and adjusted to between 103-104 

conidia/mL for the inoculation. 
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A.1.2 Results 

Lesions with pycnidia were formed on the shoots (Figure A.1a). Despite conidia being produced and 

able to be harvested, sufficient conidia were not produced due to the oozing of the not occurring at 

the same time. This affected the inoculation of the canes for the susceptibility experiment, as all the 

conidia were required at the same time. Further, for some of the shoots, the conidia appeared to 

germinate inside the pycnidia (Figure A.1d). Because of these issues mycelial plugs were used to 

inoculate the shoots. 

 
Figure A.1 Production of conidia process. a) Detached grapevine shoot showing lesion caused by 
Neofusicoccum sp. infection. b) Shoots placed in a controlled environment. c) Pycnidia. d) Conidia 
germination within the pycnidia.  
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A.2 ANOVA and multiple comparisons for grapevine dormant canes 
inoculated with Neofusicoccum spp. 

Table A.1 Effect of cultivar, hot water treatment (HWT) and Neofusicoccum species on the 
colonisation distances (cm) for grapevine dormant canes. 

Factor 
Sum of 
Squares 

df 
Mean 

Square 
F p-value 

Cultivar 4.900 1 4.900 5.112 0.025 * 
HWT 58.563 4 14.641 15.273 <0.001 *** 

Neofusicoccum species 11.025 1 11.025 11.501 0.001 ** 
Cultivar x HWT 4.163 4 1.041 1.086 0.366  

Cultivar x Neofusicoccum species 0.400 1 0.400 0.417 0.519  

HWT x Neofusicoccum species 24.288 4 6.072 6.334 <0.001 *** 
Tests of between-subjects effects using 0.05 as significance level (α). Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p 
< 0.001 

 

Table A.2 Pairwise comparisons of the colonisation distance (cm) on grapevine rooted canes for the 
factor hot water treatment (HWT). 

Comparison pair p-value 

Control 48⁰C x 15min 0.057  

Control 48⁰C x 30min <0.001 *** 
Control 50⁰C x 15min <0.001 *** 
Control 50⁰C x 30min <0.001 *** 

48⁰C x 15min 48⁰C x 30min 0.017 * 
48⁰C x 15min 50⁰C x 15min 0.039 * 
48⁰C x 15min 50⁰C x 30min 0.003 ** 
48⁰C x 30min 50⁰C x 15min 1.000  

48⁰C x 30min 50⁰C x 30min 1.000  

50⁰C x 15min 50⁰C x 30min 1.000   

Multiple comparisons based on estimated marginal means and Bonferroni adjustment. 
Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 

 

Table A.3 Pairwise comparisons (Hot water treatment x Neofusicoccum sp.) of the colonisation 
distance (cm) for pairs of levels of the factor Neofusicoccum sp. 

Hot water treatment (HWT) p-value 

Control 0.001 ** 
48⁰C x 15min <0.001 *** 
48⁰C x 30min 0.719  

50⁰C x 15min 0.280  

50⁰C x 30min 1.000   

Multiple comparisons based on estimated marginal means and Bonferroni adjustment. 
Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 
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Table A.4 Pairwise comparisons (Hot water treatment x Neofusicoccum sp.) of the colonisation 
distance (cm) for pairs of levels of the factor hot water treatment (HWT) 

  p-value  

Comparison pairs N. luteum CC445 N. parvum G69a1 

Control 48⁰C x 15min 1.000  0.076  

Control 48⁰C x 30min <0.001 *** 0.076  

Control 50⁰C x 15min <0.001 *** 0.731  

Control 50⁰C x 30min <0.001 *** 0.045 * 
48⁰C x 15min 48⁰C x 30min <0.001 *** 1.000  

48⁰C x 15min 50⁰C x 15min <0.001 *** 1.000  

48⁰C x 15min 50⁰C x 30min <0.001 *** 1.000  

48⁰C x 30min 50⁰C x 15min 1.000  1.000  

48⁰C x 30min 50⁰C x 30min 1.000  1.000  

50⁰C x 15min 50⁰C x 30min 1.000   1.000   
Multiple comparisons based on estimated marginal means and Bonferroni adjustment. 
Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 
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A.3 ANOVA and multiple comparisons for grapevine rooted canes related to 
cane growth 

Table A.5 Effect of cultivar and hot water treatment (HWT) on the number of shoots per cane and E-L 
number for grapevine rooted canes 

 Factor 
Sum of 
Squares 

df 
Mean 

Square 
F p-value 

Shoots/
cane 

Cultivar 51.572 1 51.572 69.431 <0.001 *** 
HWT 4.639 4 1.160 1.561 0.185  

Cultivar x HWT 26.555 4 6.639 8.938 <0.001 *** 

E-L 
number 

Cultivar 65.526 1 65.526 236.30 <0.001 *** 
HWT 2.900 4 0.725 2.614 0.360  

Cultivar x HWT 17.827 4 4.457 16.072 <0.001 *** 
Tests of between-subjects effects using 0.05 as significance level (α). Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p 
< 0.001 

 

Table A.6 Pairwise comparisons (Cultivar x Hot water treatment) of the number of shoots per cane 
and E-L number for pairs of levels of the factor cultivar. 

 p-value 

Hot water treatment (HWT) Shoots/cane E-L number 

Control 0.311  0.32  

48⁰C x 15min 0.002 ** <0.001 *** 
48⁰C x 30min 0.164  <0.001 *** 
50⁰C x 15min <0.001 *** <0.001 *** 
50⁰C x 30min <0.001 *** <0.001 *** 

 Multiple comparisons based on estimated marginal means and Bonferroni adjustment. 
Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 

 

Table A.7 Pairwise comparisons (Cultivar x Hot water treatment) of the number of shoots per cane 
and E-L number for pairs of levels of the factor hot water treatment (HWT). 

   p-value 

      Shoots/cane  E-L number 

Comparison pairs   Pinot noir 
Sauvignon 

blanc 
 Pinot noir 

Sauvignon 
blanc 

Control 48⁰C x 15min   1.000  1.000   0.155  0.015 * 

Control 48⁰C x 30min  1.000  1.000   0.009 * 1.000  

Control 50⁰C x 15min  1.000  0.107   0.001 ** <0.001 *** 

Control 50⁰C x 30min  <0.001 *** 0.071   <0.001 *** 0.001 ** 

48⁰C x 15min 48⁰C x 30min  1.000  1.000   1.000  0.268  

48⁰C x 15min 50⁰C x 15min  1.000  1.000   1.000  0.147  

48⁰C x 15min 50⁰C x 30min  0.003 ** 1.000   0.022 * 1.000  

48⁰C x 30min 50⁰C x 15min  1.000  0.273   1.000  <0.001 *** 

48⁰C x 30min 50⁰C x 30min  <0.001 *** 0.187   0.306  0.025 * 

50⁰C x 15min 50⁰C x 30min   0.014 * 1.000     1.000   1.000   
 Multiple comparisons based on estimated marginal means and Bonferroni adjustment. Significant results represented by '*' p < 0.05, '**' p < 
0.005, '***' p < 0.001 
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A.4 ANOVA and multiple comparisons for Sauvignon blanc rooted canes 
inoculated with Neofusicoccum spp. 

 
Table A.8 Effect of hot water treatment (HWT) on the colonisation distance (cm) for Sauvignon blanc 
rooted canes 

Factor 
Sum of 
Squares 

df 
Mean 

Square 
F p-value 

HWT 491.841 4 122.960 5.117 0.001 ** 
Neofusicoccum species 112.812 1 112.812 4.695 0.034 * 

HWT x Neofusicoccum species 10.838 4 2.709 0.113 0.978  

Tests of between-subjects effects using 0.05 as significance level (α). Significant results represented by '*' p < 0.05, '**' p < 0.005, 
'***' p < 0.001 

 

Table A.9 Pairwise comparisons of the colonisation distance (cm) of Sauvignon blanc rooted canes 
for the factor hot water treatment (HWT) 

Comparison pairs p-value 

Control 48⁰C x 15min 1.000  

Control 48⁰C x 30min 1.000  

Control 50⁰C x 15min 0.023 * 
Control 50⁰C x 30min 0.016 * 

48⁰C x 15min 48⁰C x 30min 1.000  

48⁰C x 15min 50⁰C x 15min 0.048 * 
48⁰C x 15min 50⁰C x 30min 0.034 * 
48⁰C x 30min 50⁰C x 15min 0.212  

48⁰C x 30min 50⁰C x 30min 0.156  

50⁰C x 15min 50⁰C x 30min 1.000   
Multiple comparisons based on estimated marginal means 
and Bonferroni adjustment. Significant results represented 
by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 
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Appendices for Chapter 3 

A.5 Recipes of media used for dual plates and reagents for DGGE 

King’s B media (per litre) 

Bacto™ Proteose peptone No. 3 (Difco, Becton, Dickinson & Company) 20 g 

Agar (Difco, Becton, Dickinson & Company) 15 g 

Dipotassium phosphate (K2HPO4) (LabServ, Thermo Fisher Scientific, USA) 1.5 g 

Magnesium sulphate heptahydrate (MgSO4*7H2O) (Scharlau, Scharlab, Spain) 1.5 g 

Glycerol (Ajax Finechem, Fisher Scientific) 10 mL 

 

Waksman media (per litre) 

Bacto™ Proteose peptone No. 3 (Difco, Becton, Dickinson & Company) 5 g 

Agar (Difco, Becton, Dickinson & Company) 15 g 

D(+)-Glucose anhydrous (Scharlau, Scharlab, Spain) 10 g 

Acumedia®Beef extract powder (Neogen Corp., USA) 5 g 

Sodium chloride (NaCl) (LabServ, Thermo Fisher Scientific, USA) 5 g 

pH adjusted to 7.4   

 

Tris-acetate-EDTA (TAE) (per litre) 1 X 50 X 

Tris Base (Fisher Scientific, USA) 4.84 g 242 g 

0.5 M Disodium EDTA (Sigma-Aldrich Co., USA)  2 mL 100 mL 

Acetic acid (Fisher Scientific, UK) 1.14 mL 57.1 mL 

pH adjusted to 8.0  

 

Low (0%) denaturing polyacrylamide solution (per 100 mL) 8% 7% 

40% acrylamide:bis acrylamide (37.5:1) (Bio-Rad Laboratories, USA) 20 mL 17.5 mL 
50 X TAE 1 mL 1 ml 
Glycerol (Ajax Finechem, Fisher Scientific) 2 mL 2 mL 
Millipore water Filled up to 100 mL Filled up to 100 mL 

 

High (100%) denaturing polyacrylamide solution (per 100 mL) 8% 7% 

40% acrylamide:bis acrylamide (37.5:1) (Bio-Rad Laboratories, USA) 20 ml 17.5 ml 
Urea (ACROS Organics™, Fisher Scientific) 42 g 42 g 
Formamide (ACS reagent ≥99.5%) (Sigma-Aldrich Co., USA) 40 ml 40 ml 
50 × TAE 1 ml 1 ml 
Glycerol (Ajax Finechem, Fisher Scientific) 2 ml 2 ml 
Millipore water Fill up to 100 mL Filled up to 100 mL 
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A.6 Endophytic bacterial isolates used in the dual plates assays 

Table A.10 Representative endophytic bacteria isolated from Sauvignon blanc dormant canes after 
hot water treatment (HWT). Isolates with high activity (++/+++) highlighted. 

     N. luteum CC445  N. parvum G69a1 

Bacterial 
isolate 

Cultivar HWT 
Isolation 
medium 

 Radial length 
inhibition (cm) 

 Activity  
 Radial length 

inhibition (cm) 
 Activity  

SB1 Sauvignon blanc Control King's B  -1.42 -  -1.72 - 
SB2 Sauvignon blanc Control R2A  -1.35 -  -1.80 - 
SB3 Sauvignon blanc Control R2A  -1.36 -  -0.49 - 
SB4 Sauvignon blanc Control R2A  -1.67 -  -1.63 - 
SB5 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  -1.80 - 
SB6 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  0.51 + 
SB7 Sauvignon blanc 48⁰C x 15 min King's B  -1.74 -  -1.33 - 
SB8 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  -1.43 - 
SB9 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  0.77 ++ 

SB10 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  -1.80 - 
SB11 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  -1.18 - 
SB12 Sauvignon blanc 48⁰C x 15 min King's B  -1.38 -  -1.22 - 
SB13 Sauvignon blanc 48⁰C x 15 min King's B  -1.80 -  -0.03 - 
SB14 Sauvignon blanc 48⁰C x 15 min King's B  -1.41 -  -0.02 - 
SB15 Sauvignon blanc 48⁰C x 15 min R2A  -0.91 -  0.61 + 
SB16 Sauvignon blanc 48⁰C x 15 min R2A  1.10 ++  1.20 +++ 
SB17 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -1.66 - 
SB18 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB19 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB20 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -1.49 - 
SB21 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -0.93 - 
SB22 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -1.16 - 
SB23 Sauvignon blanc 48⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB24 Sauvignon blanc 48⁰C x 30 min King's B  -1.80 -  -1.80 - 
SB25 Sauvignon blanc 48⁰C x 30 min King's B  -1.80 -  -1.80 - 
SB26 Sauvignon blanc 48⁰C x 30 min King's B  -1.80 -  -1.38 - 
SB27 Sauvignon blanc 48⁰C x 30 min King's B  -1.80 -  -1.46 - 
SB28 Sauvignon blanc 48⁰C x 30 min King's B  -1.75 -  -0.84 - 
SB29 Sauvignon blanc 48⁰C x 30 min King's B  -1.80 -  -1.80 - 
SB30 Sauvignon blanc 48⁰C x 30 min King's B  -1.80 -  -1.59 - 
SB31 Sauvignon blanc 48⁰C x 30 min R2A  -1.80 -  -1.64 - 
SB32 Sauvignon blanc 48⁰C x 30 min R2A  1.28 +++  1.21 +++ 
SB33 Sauvignon blanc 48⁰C x 30 min R2A  -1.80 -  -0.83 - 
SB34 Sauvignon blanc 48⁰C x 30 min R2A  -1.80 -  -1.80 - 
SB35 Sauvignon blanc 48⁰C x 30 min R2A  -1.80 -  -1.80 - 
SB36 Sauvignon blanc 50⁰C x 15 min King's B  -1.80 -  -1.19 - 
SB37 Sauvignon blanc 50⁰C x 15 min King's B  -1.80 -  -1.80 - 
SB38 Sauvignon blanc 50⁰C x 15 min King's B  -1.80 -  -1.58 - 
SB39 Sauvignon blanc 50⁰C x 15 min King's B  -1.80 -  -0.72 - 
SB40 Sauvignon blanc 50⁰C x 15 min King's B  -1.77 -  -0.40 - 
SB41 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB42 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB43 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB44 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB45 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.69 - 
SB46 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB47 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.76 - 
SB48 Sauvignon blanc 50⁰C x 15 min R2A  -1.80 -  -1.80 - 
SB49 Sauvignon blanc 50⁰C x 30 min King's B  -1.80 -  -1.41 - 
SB50 Sauvignon blanc 50⁰C x 30 min King's B  -1.80 -  -1.14 - 
SB51 Sauvignon blanc 50⁰C x 30 min King's B  -1.80 -  -1.78 - 
SB52 Sauvignon blanc 50⁰C x 30 min King's B  -1.80 -  -0.96 - 
SB53 Sauvignon blanc 50⁰C x 30 min King's B  -1.80 -  -1.80 - 
SB54 Sauvignon blanc 50⁰C x 30 min R2A  1.08 ++  0.85 ++ 
SB55 Sauvignon blanc 50⁰C x 30 min R2A  0.29 +  0.48 + 
SB56 Sauvignon blanc 50⁰C x 30 min R2A  0.09 +  0.36 + 
SB57 Sauvignon blanc 48⁰C x 15 min PDA  -1.80 -  -1.78 - 
SB58 Sauvignon blanc 48⁰C x 15 min PDA  -1.80 -  -1.71 - 
SB59 Sauvignon blanc Control NA  1.28 +++  1.23 +++ 
SB60 Sauvignon blanc Control NA  -1.73 -  0.47 + 
SB61 Sauvignon blanc 48⁰C x 15 min NA  1.25 +++  1.23 +++ 
SB62 Sauvignon blanc 48⁰C x 30 min NA  1.19 ++  1.17 ++ 
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Table A.11 Representative endophytic bacteria isolated from Pinot noir dormant canes after hot 
water treatment (HWT). Isolates with high activity (++/+++) highlighted. 

     N. luteum CC445  N. parvum G69a1 

Bacterial 
isolate 

Cultivar HWT 
Isolation 
medium 

 Radial length 
inhibition (cm) 

 Activity  
 Radial length 

inhibition (cm) 
 Activity  

PN1 Pinot noir Control R2A  -1.80 -  -1.73 -  
PN2 Pinot noir Control R2A  -1.80 -  -1.76 -  
PN3 Pinot noir Control R2A  -1.80 -  -1.80 -  
PN4 Pinot noir 48⁰C x 15 min King's B  -1.80 -  -0.26 -  
PN5 Pinot noir Control King's B  0.91 ++  0.87 ++  
PN6 Pinot noir Control King's B  0.86 ++  0.81 ++  
PN7 Pinot noir 48⁰C x 15 min R2A  -1.80 -  -1.80 -  
PN8 Pinot noir 48⁰C x 15 min R2A  -1.80 -  -1.63 -  
PN9 Pinot noir 48⁰C x 15 min R2A  -1.80 -  -1.45 -  

PN10 Pinot noir 48⁰C x 15 min R2A  -1.80 -  -1.39 -  
PN11 Pinot noir 48⁰C x 15 min R2A  -1.80 -  -1.80 -  
PN12 Pinot noir 48⁰C x 30 min King's B  -1.80 -  -1.21 -  
PN13 Pinot noir 48⁰C x 30 min King's B  -1.80 -  -1.22 -  
PN14 Pinot noir 48⁰C x 30 min King's B  -1.80 -  -1.56 -  
PN15 Pinot noir 48⁰C x 30 min R2A  -1.80 -  -1.13 -  
PN16 Pinot noir 50⁰C x 15 min King's B  -1.80 -  -1.62 -  
PN17 Pinot noir 50⁰C x 15 min King's B  -1.80 -  -1.80 -  
PN18 Pinot noir 50⁰C x 30 min King's B  0.13 +  0.43 +  
PN19 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.67 -  
PN20 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.44 -  
PN21 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.80 -  
PN22 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.72 -  
PN23 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.80 -  
PN24 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.73 -  
PN25 Pinot noir 50⁰C x 30 min King's B  -1.80 -  -1.80 -  
PN26 Pinot noir 50⁰C x 30 min R2A  -1.80 -  -1.80 -  
PN27 Pinot noir 50⁰C x 30 min R2A  -1.80 -  -1.80 -  
PN28 Pinot noir 50⁰C x 30 min R2A  -1.80 -  -1.80 -  
PN29 Pinot noir Control PDA  0.47 +  -1.80 -  
PN30 Pinot noir Control PDA  0.43 +  -1.80 -  
PN31 Pinot noir Control NA  -1.80 -  -1.80 -  
PN32 Pinot noir Control NA  -1.80 -  -1.80 -  
PN33 Pinot noir Control NA  1.13 ++  -1.80 -  
PN34 Pinot noir Control NA  -1.80 -  -1.80 -  
PN35 Pinot noir Control NA  -1.80 -  -1.80 -  
PN36 Pinot noir Control NA  -1.80 -  -1.80 -  
PN37 Pinot noir 50⁰C x 30 min NA  -1.80 -  -1.80 -  
PN38 Pinot noir 50⁰C x 30 min NA  -0.02 -  -1.80 -  
PN39 Pinot noir 50⁰C x 30 min NA  0.74 ++  -1.70 -  
PN40 Pinot noir 48⁰C x 30 min NA  -1.80 -  -0.78 -  
PN41 Pinot noir 48⁰C x 30 min NA  -1.80 -  -1.80 -  
PN42 Pinot noir 50⁰C x 15 min NA  1.10 ++  1.09 ++  
PN43 Pinot noir 50⁰C x 30 min NA  -1.80 -  -1.80 -  
PN44 Pinot noir 50⁰C x 30 min NA  -1.80 -  -1.80 -  
PN45 Pinot noir 48⁰C x 15 min NA  -1.80 -  -1.80 -  
PN46 Pinot noir 48⁰C x 15 min NA  -1.80 -  -1.80 -  
PN47 Pinot noir 50⁰C x 15 min R2A  -1.80 -  -1.80 -  
PN48 Pinot noir 48⁰C x 15 min R2A  -1.61 -  -0.64 -  
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A.7 Identification of endophytic bacteria antagonistic to Neofusicoccum spp. 

Table A.12 Identification of 12 endophytic bacterial isolates showing inhibitory activity against Neofusicoccum species based on sequencing of the 16S rRNA.  
Bacterial 
isolate 

Designated 
Genus 

Grapevine cultivar HWT Activity* 
Representative of the closest relatives in GenBank 

(Accession Number) 
Identity 

PN5 Bacillus Pinot noir Control ++ Nl, ++ Np 
B. atropheus B-1 (MN756646.1) 

B. atropheus HR37 (MN756643.1) 
B. atropheus b4 (MK719866.1) 

736/758(97%) 
736/758(97%) 
736/758(97%) 

PN6 Bacillus Pinot noir Control ++ Nl, ++ Np 
B. atropheus EGI131 (MN704545.1) 
B. velezensis EGI298 (MN704507.1) 

713/713(100%) 
713/713(100%) 

PN33 Bacillus Pinot noir Control ++ Nl, - Np 
B. amyloliquefaciens TEH18 (MN099360.1) 

B. methylotrophicus Mo-Bm-10 (HQ662595.1) 
838/839(99%) 
838/839(99%) 

PN39 Bacillus Pinot noir 50⁰C x 30 min ++ Nl, - Np 
B. amyloliquefaciens SS-38.4 (KY780589.1) 

B. tequilensis GZAL15 (HQ844455.1) 
687/687(100%) 
687/687(100%) 

PN42 Bacillus Pinot noir 50⁰C x 15 min ++ Nl, ++ Np 
B. methylotrophicus S521B-53 (HQ238495.1) 

Bacillus siamensis MR1 (MN907417.1) 
690/690(100%) 
690/690(100%) 

SB9 Bacillus Sauvignon blanc 48⁰C x 15 min - Nl, ++ Np 
B. siamensis MR1 (MN907417.1) 

B. velezensis BvL03 (MN093810.1) 
B. subtilis qc-01 (MK176915.1) 

677/678(99%) 
677/678(99%) 
677/678(99%) 

SB16 - Sauvignon blanc 48⁰C x 15 min ++ Nl, +++ Np 
B. methylotrophicus GBPI_CDB76 (KT887215.1) 

B. velezensis G-1 (MT032113.1) 
437/480(91%) 
443/488(91%) 

SB32 Bacillus Sauvignon blanc 48⁰C x 30 min +++ Nl, +++ Np 
B. subtilis BSFT-28 (MN945443.1) 

B. velezensis XWY50 (MN559037.1) 
455/477(95%) 
455/477(95%) 

SB54 Streptomyces Sauvignon blanc 50⁰C x 30 min ++ Nl, ++ Np 
S. pratensis KCB-132 (KX033803.1) 
S. griseoplanus JM-T4 (KF876898.1) 
S. cinereorectus XQ47 (KU291363.1) 

707/744(95%) 
707/744(95%) 
707/744(95%) 

SB59 Bacillus Sauvignon blanc Control +++ Nl, +++ Np 
B. velezensis CI9 (KU681039.1) 

B. subtilis CL1 (JN862636.1) 
847/848(99%) 
849/851(99%) 

SB61 Bacillus Sauvignon blanc 48⁰C x 15 min +++ Nl, +++ Np 
B. amyloliquefaciens JH-2 (MK203823.1) 

B. subtilis B237 (DQ517306.1) 
680/702(97%) 
680/703(97%) 

SB62 Bacillus Sauvignon blanc 48⁰C x 30 min ++ Nl, ++ Np 
B. methylotrophicus OS4 (KP851958.1) 

B. velezensis BRM-046313 (MK461839.1)  
828/846(98%) 
823/841(98%) 

* Medium ++ or high inhibitory activity +++ against Neofusicoccum luteum (Nl) and N. parvum (Np). 
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A.8 Partial 16S rRNA sequences of isolates with activity against 
Neofusicoccum spp. 

>PN5 

TCATATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACAC
GTGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTTGTTTGAACCGC
ATGGTTCAAACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAG
GTAATGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACG
GCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGC
GTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGGGCGG
CACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTATGTGGCAA
GCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTC
AACCGGGGAGGGTCATTGGAAACTGGGAACTTGAGTGCACAAAAAGAGAGTGGAAATCCCCGTGTAGCGGT
GAAATGCGTATAGATGTGGAGGAACACCAGTGTGCGAAAGCGACTCTCTCGTCTCGTGACTGACTCTCTAAGA
ACGAAAGCGTGGGGAGCGAAACACGATTCATACCCCCGGGTGCCCACCCCT 

 

>PN6 

TCATAATACATGCAAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAAC
ACGTGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTTGTTTGAACC
GCATGGTTCAAACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTG
AGGTAATGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACA
CGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCC
GCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGGGC
GGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGG
CAAGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGG
CTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAG
CGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGAC 

 

>PN33 

TGCATAATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAAC
ACGTGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTTTGAAC
CGCATGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGT
GAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGA
CACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACG
CCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGG
GCGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGT
GGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCC
GGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGT
AGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTG
AGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAACGATGAGTGCTAAG
TGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCC 
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>PN39 

TAATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACGT
GGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTCTGAACCGCA
TGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGG
TAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACG
GCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGC
GTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGGGCGG
CACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAA
GCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTC
AACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGG
TGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAA 

 

>PN42 

CTATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACGT
GGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTTTGAACCGCA
TGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGG
TAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACG
GCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGC
GTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGGGCGG
CACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAA
GCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTC
AACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGG
TGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAATGC 

 

>SB9 

TATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACGTG
GGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTTTGAACCGCAT
GGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGT
AACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGG
CCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCG
TGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGGGCGGC
ACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAA
GCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCCGGCTC
AACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGATTCCACGTGTAGCGGT
GAAATGCGTAGAGATGTGGAGGAACACCA 
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>SB16 

TCTATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACG
TGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTCTGAACCGC
ATGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAG
GTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGTGATCGGCCACACTGGGACTGAACACGGC
CAACTCCTACGGAGGCGCAGTAGGAATCTTCCGCATGACAAATCTGACGACACGCGCGTGAGTGTGAAGTTTC
GGATCTAAGTCTGTGTAGGAGACAGTGCGTCAATAGGCGGCCCTGCGTACTACCAAAGCACGGTAATACTGCA
GCGCGCGTATACGTAGTGCAGCTTTCGAATATGGCTAAGGTCGCGGGGTTCTATTTGATGGAACCCCGCCACC
GGAGGTCTTGAATGGGACTTATGAAAAGGATGAATCCCTTACGTAATGCTAAAGTGAAACACTGGAAGATTTG
TTGATACTAAGCAACTGGGAACATAATCCTGATCCCCTAAAAGCATTTGGTCCCCT 

 

>SB32 

TGCTATACTGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACG
TGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTCTGAACCGC
ATGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAG
GTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACAC
GGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGAATGGACGAAAGTCTGACGGAGCAACGCCGC
GTGAGTGATGAGGTTTCGGATCGAAAGCTCTGTGTAGGAAGACAGTGCGTCAATAGGCGGCACTTGACGTAC
TAACAGAAGCACGCTACTACTGCACACCCGTATACTAGTGCAGCGTGCCGATATGGCTAAGGTCGAGGGTTCT
ATCGATGAAGCCCGCCACGGAGGCTGAATGGGACTGGGCAAAGGAGGATCCTGACGTAAGGTAGTGGAGAC
CGTGGAGGACCTGTCGATACCAGACAACTGGGCAACGTAACCGGATCCCCTACAAATCATTAGGGTCCCCT 

 

>SB54 

GAATGCATACCATGCAGTCGAACGATGAAGCCTTTCGGGGTGGATTAGTGGCGAACGGGTGAGTAACACGTG
GGCAATCTGCCCTTCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCGGATAACACTCTGTCCCGCATG
GGACGGGGTTAAAAGCTCCGGCGGTGAAGGATGAGCCCGCGGCCTATCAGCTTGTTGGTGGGGTGATGGCCT
ACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACGGCCCAGACT
CCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCCTGATGCAGCGACCCCGCGGGAGGG
ATGACGGGCCTTCGGGGTTGTAAACCTCTTTCAGCAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAAGAA
GCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCAAGCGTTGTCCGGAATTTATTGGGCG
TAAAGAGCTCGTAGGCGGCTTGTCACGTCGGATGTGAAAGCCCGGGGGCTTAACCCCGGGGTCTGCTTTCAAT
ACGGGCTAACTAGAAGTGTGGTAAGGGGAAATTCGGAATTTCCTGGTGGTACCGGTGAAAATGCCCAAAAAT
CAGGGAAGAAACACCGGTGGCGAAGGGGGATCCTCTGGGCCATTACTGACGCTGAGGAACCAAAGCTGGGG
GGACAAACAGGATTAAATACCCTGGTATTCC 
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>SB59 

ATCATAATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAAC
ACGTGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTCTGAAC
CGCATGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGT
GAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGA
CACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACG
CCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGG
GCGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGT
GGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCC
GGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGT
AGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTG
AGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAG
TGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGGAGT 

 

>SB61 

ATCCTAATACATGCAAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAA
CACGTGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTTTGAA
CCGCATGGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGG
TGAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAG
ACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAAC
GCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAG
GGCGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGG
TGGCAAGCGTTGTCCGGAATTATTGGGCGTAAGGGTCGCAGGCGGTTTCTTAAGTCTGATGTGAAACCCCCGG
CTCACCGGGGAGGGTCATTGGAACTGGGGAACTTGAGTGCCAAAAGAGAGTGAAATCCCCTGTAGCGGTGAA
TGCTAAAATGGGAGGAACACAGTGGGGAGGCAATCTCTGTCGG 

 

>SB62 

TATACATGCAGTCGAGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGCGGCGGACGGGTGAGTAACACGTG
GGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTTTGAACCGCAT
GGTTCAGACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGT
AACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGG
CCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCG
TGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTAGGGAAGAACAAGTGCCGTTCAAATAGGGCGGC
ACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAA
GCGTTGTCCGGAATTATTGGGCGTAAGGGCTCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCGGCTCAA
CCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGAGAGTGGATTCCACGTGTAGCGGTGAA
TGCGTAGAGATGTGGAGGACACCAGTGGCGAAGCGACTCTCTGGTCTGTAACTGACGCTGAGAGCGAAAGCG
TGGGGAGCGACAGGATTAGATACCTGGTAGTCCACGCGTAACGATGAGTGCTAAGTGTAGGGGTTTCCGCCC
TTAGTGCTGCAGCTACGCATAAGCACTCGCTGGGAGTGCGTG 
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A.9 ANOVA and multiple comparisons for endophytic bacterial richness and 
similarity on grapevine canes 

Table A.13 Effect of cultivar and hot water treatment (HWT) on the richness and similarity of total 
bacteria and gamma-proteobacteria endophytes in grapevines canes. 

 
Bacterial 

group 
Factor 

Sum of 
Squares 

df 
Mean 

Square 
F p-value 

Richness 

Total bacteria 

Cultivar 985.680 1 985.680 91.948 <0.001 *** 

HWT 51.280 4 12.820 1.196 0.328  

Cultivar x HWT 125.520 4 31.380 2.927 0.033 * 

γ-
proteobacteria 

Cultivar 7.220 1 7.220 0.491 0.487  

HWT 124.320 4 31.080 2.114 0.097  

Cultivar x HWT 166.880 4 41.720 2.838 0.037 * 

Similarity 

Total bacteria 

Cultivar 14850 1 14850 9.361 0.001 ** 

HWT 9587 4 2396.7 1.5109 0.005 * 

Cultivar x HWT 11961 4 2990.3 1.885 0.001 ** 

γ-
proteobacteria 

Cultivar 7388.7 1 7388.7 2.8293 0.001 ** 

HWT 16114 4 4028.4 1.5426 0.001 ** 

Cultivar x HWT 16125 4 4031.2 1.5437 0.001 ** 
Tests of between-subjects effects using 0.05 as significance level (α). Richness based on General lineal Model and Similarity based on 
PERMANOVA analysis. Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 

 

Table A.14 Pairwise comparisons (Cultivar x Hot water treatment) of total and gamma-
proteobacteria similarity and richness for pairs of levels of the factor cultivar 

  p-value 

  Richness  Similarity 

Hot water 
treatment (HWT) 

Total 
bacteria 

γ-
proteobacteria 

  
Total 

bacteria 
γ-proteobacteria 

Control 0.155  0.414   0.028 * 0.371  

48⁰C x 15min <0.001 *** 0.022 *  0.006 * 0.013 * 

48⁰C x 30min <0.001 *** 0.107   0.008 * 0.009 * 

50⁰C x 15min <0.001 *** 0.107   0.022 * 0.016 * 

50⁰C x 30min <0.001 *** 1.000     0.007 * 0.01 * 

Richness significance based on estimated marginal means and Bonferroni adjustment. Similarity based on PERMANOVA 
analysis. Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 
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Table A.15 Pairwise comparisons (Cultivar x Hot water treatment) of total and gamma-
proteobacteria similarity and richness for pairs of levels of the factor hot water treatment (HWT) 

Total bacteria γ-proteobacteria 

Comparison pairs Pinot noir 
Sauvignon 

blanc 
Pinot noir 

Sauvignon 
blanc 

Richness 

Control 48⁰C x 15min 1.000 0.398 1.000 0.062 

Control 48⁰C x 30min 1.000 0.012 * 1.000 0.026 * 

Control 50⁰C x 15min 0.898 1.000 1.000 1.000 

Control 50⁰C x 30min 1.000 0.898 1.000 0.771 

48⁰C x 15min 48⁰C x 30min 1.000 1.000 1.000 1.000 

48⁰C x 15min 50⁰C x 15min 1.000 1.000 0.910 0.262 

48⁰C x 15min 50⁰C x 30min 1.000 1.000 1.000 1.000 

48⁰C x 30min 50⁰C x 15min 1.000 0.320 1.000 0.118 

48⁰C x 30min 50⁰C x 30min 1.000 0.898 1.000 1.000 

50⁰C x 15min 50⁰C x 30min 1.000 1.000 1.000 1.000 

Similarity 

Control 48⁰C x 15min 0.228 0.007 * 0.005 * 0.074 

Control 48⁰C x 30min 0.006 * 0.046 * 0.063 0.008 * 

Control 50⁰C x 15min 0.047 * 0.454 0.333 0.196 

Control 50⁰C x 30min 0.011 * 0.013 * 0.059 0.070 

48⁰C x 15min 48⁰C x 30min 0.042 * 0.615 0.114 0.008 * 

48⁰C x 15min 50⁰C x 15min 0.114 0.531 0.045 * 0.076 

48⁰C x 15min 50⁰C x 30min 0.064 0.075 0.010 * 0.090 

48⁰C x 30min 50⁰C x 15min 0.007 * 0.452 0.658 0.067 

48⁰C x 30min 50⁰C x 30min 0.080 0.072 0.109 0.011 * 

50⁰C x 15min 50⁰C x 30min 0.220 0.161 0.137 0.039 * 

Richness significance based on estimated marginal means and Bonferroni adjustment. Similarity based on PERMANOVA analysis. 
Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 

Table A.16 Pairwise comparisons of total bacteria and gamma-proteobacteria similarity in grapevines 
canes for the factor hot water treatment (HWT) 

p-value 

Comparison pairs Total bacteria γ-proteobacteria 

Control 48⁰C x 15min 0.168 0.013 * 

Control 48⁰C x 30min 0.002 ** 0.033 * 

Control 50⁰C x 15min 0.317 0.414 

Control 50⁰C x 30min 0.060 0.208 

48⁰C x 15min 48⁰C x 30min 0.105 0.012 * 

48⁰C x 15min 50⁰C x 15min 0.742 0.028 * 

48⁰C x 15min 50⁰C x 30min 0.186 0.003 ** 

48⁰C x 30min 50⁰C x 15min 0.072 0.269 

48⁰C x 30min 50⁰C x 30min 0.027 * 0.001 ** 

50⁰C x 15min 50⁰C x 30min 0.313 0.194 

Similarity based on PERMANOVA analysis. Significant results represented by '*' p < 0.05, '**' p < 0.005, '***' p < 0.001 
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A.10 Similarity of total and γ-proteobacteria endophytic communities present in grapevine dormant canes after hot water 
treatment (HWT). 

Figure A.2 UPGMA dendrogram representing the Jaccard similarity for total bacteria endophytic communities present in in Pinot noir (●) and Sauvignon blanc (▲) 
canes after hot water treatment (HWT). 
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Figure A.3 UPGMA dendrogram representing the Jaccard similarity for γ-proteobacteria endophytic communities present in in Pinot noir (●) and Sauvignon blanc 
(▲) canes after hot water treatment (HWT). 


