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Abstract of a thesis submitted in partial fulfilment of the requirement for the Degree of 

Doctor of Philosophy 

Inner Plant Space - Bacterial endophytes of Leptospermum scoparium (mānuka) 

by 

Wisnu Adi Wicaksono 

 

Leptospermum scoparium or mānuka is a New Zealand native medicinal plant that 

produces an essential oil with antimicrobial properties. In other plants endophytic bacteria 

have key roles in plant growth, health and metabolite production. However, studies to 

define the community structure and bioactivity of endophytic bacteria in L. scoparium 

have not been carried out. The aim of this study was to i) describe the community 

structure of endophytic bacteria in L. scoparium and identify its core members, ii) 

investigate the bioactivity of cultured endophytic bacteria and investigate their ability to 

modify essential oil composition and iii) determine whether endophytic bacteria with in 

vitro biocontrol activity against fungal and bacterial pathogens could be transmitted to 

agriculturally important plants. 

Denaturing gradient gel electrophoresis (DGGE) and Illumina MiSeq were used to 

characterise bacteria inhabiting L. scoparium. This study used propidium monoazide 

(PMA) to enrich amplification of endophyte DNA. Plant materials from three diverse sites 

were analysed by DGGE and this showed that plant tissue was the main factor that 

influenced endophytic bacterial communities followed by plant maturity and plant location. 

It showed that the communities became more stable and uniform as plant maturity 

increased. The Gammaproteobacteria were the class most affected by location. Analysis 

of a larger number of sampling sites (n=11) across New Zealand using Illumina MiSeq 

confirmed that plant tissue affected the endophytic bacterial communities and one OTU 

that belonged to Pseudomonas was defined as a member of the core endomicrobiome. 

A representative collection of 330 bacteria were recovered into culture from 32 plant 

samples taken from five sites across New Zealand. The majority of bacteria (70%) were 

recovered from roots followed by stems (23%) and leaves (7%). Seven in vitro assays 

were used to assess the bioactivity of bacterial isolates. A high proportion of endophytic 

bacteria produced siderophores (66%) and solubilized tricalcium phosphate and 

hydroxyapatite (68% and 72%) in vitro. Three, ten and five isolates showed strong in vitro 

antagonism against two fungal pathogens, Ilyonectria liriodendri and Neofusicoccum 
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luteum and a bacterial pathogen, Pseudomonas syringae pv. actinidiae (Psa) 

respectively. Based on the 16S rRNA gene, 89% of bacteria with bioactivity belonged to 

Gammaproteobacteria.  

This is the first study to investigate the effect of bacteria, isolated from L. scoparium on 

the growth and essential oil production by one regional plant chemotype. Erwinia sp. 

T4MS11P and Pseudomonas sp. M3R43 increased shoot and root dry weight by 170-

210% compared to the control (P=0.02 and P=0.04, respectively). Plants inoculated with 

Erwinia sp. T4MS11P had similar grandiflorone concentration as control plants, whereas, 

plants inoculated with Pseudomonas sp. M3R43 had lower grandiflorone concentrations 

(P=0.01). In contrast, inoculation with a bacterial consortium isolated from the West Coast 

did not increase plant growth, but gave higher grandiflorone concentration (>160%) 

compared to control plants, indicating that modification in essential oil composition was 

not related to plant growth. This work demonstrated that plant chemistry can also be 

modulated by the bacteria either as endophytes or within the rhizosphere.  

The antagonism in vitro against Neofusicoccum spp., Ilyonectria spp. and Psa suggested 

that endophytic bacteria from L. scoparium may be new biocontrol candidates. Two 

bacteria antagonistic to botryosphaeriaceous species, i.e Pseudomonas sp. I2R21 and 

Pseudomonas sp. W1R33, were transmissible to grapevine as a new host. Once resident 

in the host they inhibited colonization by N. parvum and N. luteum and reduced lesion 

length 35-52% compared to controls. Three endophytic bacteria with in vitro antagonism 

against Psa were able to colonize kiwifruit and exert their inhibitory activity by reducing 

disease severity by 48-75% compared to controls. All bacteria with strong antagonism 

against either botryosphaeriaceous species or Psa contained at least one antibiotic 

producing gene detected by PCR. The antagonism against the pathogen was likely 

mediated through antibiosis although this was not directly proven. 

Overall this study has revealed the structure and bioactivity of the endophytic bacteria in 

L. scoparium and suggested a role in growth and essential oil composition. This study 

identified the Gammaproteobacteria as an important group in L. scoparium. Endophytic 

bacteria with biocontrol activity could be transmitted to new hosts where they inhibited 

pathogens in planta. Thus, this study indicated that L. scoparium provides a new source 

of microorganisms for use in sustainable agriculture. 

 

Keywords: Leptospermum scoparium, endophytic bacteria, DGGE, Illumina MiSeq, 

essential oil, biocontrol, botryosphaeriaceous species, grapevine, Pseudomonas syringae 

pv. actinidiae, kiwifruit. 
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1 Chapter 1 
General introduction 

 

1.1 Leptospermum scoparium 

1.1.1 Morphology and anatomy 

Leptospermum scoparium J.R.Forst. et G.Forst. var. scoparium or mānuka is a New 

Zealand indigenous shrub and a member of the Myrtaceae family. As a member of 

Myrtaceae, L. scoparium have a half-inferior to inferior ovary, numerous stamens, entire 

leaves containing oil glands, internal phloem and vestured pits on the xylem vessels 

(Wilson et al., 2001). As described by Allan (1961) and Thompson (1989), L. scoparium 

commonly reaches 2 m in height but can reach 4 m or more (Figure 1.1a). Bark is close 

and solid, with young stems having a glabrous morphology. Size and shape of leaves are 

variable being 7-20 x 2-6 mm in size and ranging from broadly elliptical to lanceolate 

(Figure 1.1b). Flowers are usually white or rarely pink or red (Figure 1.1c) with flowering 

period between October - February. Mature seeds are 2–3.5 mm long, irregularly narrowly 

linear-cuneiform or sigmoid, curved, striate and stored in a seed capsule (Figure 1.1d).  

 

Figure 1.1  Leptospermum scoparium plant morphology. Mature plant (a), leaves (b), 
flowers (c) and mature seeds (d). 
 

 



 17 

1.1.2 Distribution and ecological role  

Leptospermum scoparium has a wide distribution as it can grow under a broad range of 

environmental conditions throughout New Zealand (Ronghua et al., 1984). Leptospermum 

scoparium can grow in edaphically-dry pumice on the central North Island Volcanic 

Plateau, permanently wet terrace pakihi bogs in Westland, even in toxic soil areas with 

high concentration of nickel and chromium (Elder, 1959; Rigg, 1962; Connor, 1985). The 

phenotypical traits of L. scoparium such as height, leaf area, flowering phenology, density 

and basal area, are affected by geographic and climatic factors such as latitude, distance 

from coast, annual and winter temperatures (Ronghua et al., 1984).  

In native ecosystems, L. scoparium plays a key role in the ecology of forests as a seral 

community plant or as a permanently dominant plant of extreme environments (Burrows, 

1973; Wardle, 1991). Leptospermum scoparium helps with erosion control, carbon 

sequestration and vegetation restoration (Stephens et al., 2005). During the early stage of 

succession, Leptospermum scoparium is an important species due to its roles as a “nurse 

crop” in many New Zealand forests such as kauri forests in northern New Zealand, 

podocarp forests in central North Island and montane rain forests in Fiordland (Cameron, 

1954; McKelvey, 1963; Mark et al., 1989; Ogden & Stewart, 1995).  

 

1.1.3 The importance of Leptospermum scoparium  

Leptospermum scoparium is listed as Taonga which is flora and fauna that have special 

cultural significance and importance to Māori (http://www.doc.govt.nz). As a  

Taonga, L. scoparium was extensively used by Māori for medicinal purposes, 

construction, fishing and hunting, a garden plant and food (Teulon et al., 2015).  

 Leptospermum scoparium is best known for the antimicrobial honeys produced from its 

nectar (Stephens et al., 2005). The honey has antibacterial effects against human 

pathogenic bacteria such as Escherichia coli, Staphylococcus aureus and Helicobacter 

pylori (Al Somal et al., 1994; Adams et al., 2008; Mavric et al., 2008). The antimicrobial 

properties are due to the presence of methylglyoxal commonly expressed as unique 

mānuka factor (UMF) (Adams et al., 2008; Hamilton et al., 2013). This compound forms 

through natural chemical transformation of dihydroxyacetone (DHA) present in L. 

scoparium nectar. Williams et al. (2014) reported that nectar DHA varies between season, 

stands and even individual plants in the same stand. The authors suggested that the 

composition of leaf oil, sex of the flower, age of the flower and nectar sugars might have 

affected the DHA content of the nectar of L. scoparium. In New Zealand, the honey was 
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harvested from wild L. scoparium populations in the Coromandel, East Cape, Waikato, 

Wairarapa, Whanganui and Nelson regions (Williams et al., 2014). The annual value of 

New Zealand’s L. scoparium honey industry was estimated at $75 million in 2010 with 

research and industry efforts to grow this to $1.2 billion by 2028 (www.mpi.govt.nz) 

indicating a strong global demand for L. scoparium honey. Most of L. scoparium 

plantations use marginal land for its unique honey production. However, due to L. 

scoparium being a good stabiliser of erosion prone land, it can also be planted on 

erosion-prone pastoral land to meet the growing demand for the honey (Hamilton et al., 

2013). 

Apart from honey, L. scoparium is also well recognised for the production of essential oils 

with antimicrobial properties (Perry et al., 1997; Porter & Wilkins, 1999; van Klink et al., 

2005). The essential oil of L. scoparium has attracted industry attention during the last 

decade. The essential oil that contains high triketone levels as the antibacterial property is 

marketed as ManexTM (Stephens et al., 2005). The essential oil market currently returns 

$38,000 ha/pa (Douglas et al., 2001), however, there is no information in literature in 

relation to total land area farmed for essential oils. In an effort to increase production 

there has been a recent expansion of L. scoparium industry by planting 3,000,000 L. 

scoparium seedlings in 2016, indicating a growing demand for essential oils and honey 

(New Zealand Manuka Group TM, n.d). 

 

1.1.4 Leptospermum scoparium essential oils 

1.1.4.1 Leptospermum scoparium essential oil industry  

The commercial L. scoparium essential oil industry started in the 1990s by individuals 

harvesting wild L. scoparium foliage in the East Cape area, North Island (Douglas et al., 

2001). In terms of commercial purpose, a key challenge for the L. scoparium essential oil 

industries is the wide variability in the chemical composition (chemotype) of the oils. Perry 

et al. (1997) stated that standardization of L. scoparium oil composition for medicinal 

purposes should be done because different chemotypes have different biological 

activities. According to Douglas et al. (2001) several factors such as development of high 

quality plants and mechanical harvesting would be required to underpin a large and long 

term industry.   
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1.1.4.2 Medicinal properties of Leptospermum scoparium essential oils 

Leptospermum scoparium is used by Māori as a medicinal plant. In rongoā, traditional 

Māori medicine, the leaf and bark of L. scoparium are used to treat oral and skin 

infections and open wounds (Brooker et al., 1961; Riley, 1994). Essential oils have also 

drawn commercial attention due to their antimicrobial properties towards food spoilage 

organisms, Bacillus subtilis and human pathogens such as the dermatophyte 

Trichophyton mentagrophytes and methicillin-resistant Staphylococcus aureus (Perry et 

al., 1997; Lis-Balchin et al., 2000; van Klink et al., 2005). For medical purposes, L. 

scoparium essential oils can be applied to reduce mucositis of the oropharyngeal area 

during treatments for head and neck cancers (Maddocks-Jennings et al., 2009). 

Furthermore, it demonstrated inhibitory activities against Herpes simplex virus type 1 

(HSV-1) and type 2 (HSV-2) on RC-37 cell (monkey kidney cells) in a plaque reduction 

assay (Reichling et al., 2005). 

 

1.1.4.3 Chemotype variations of Leptospermum scoparium essential oils 

Leptospermum scoparium from different regions of New Zealand have distinct qualitative 

essential oil compositions, showing chemotypes which differ greatly in the relative 

proportions of different compounds (Perry et al., 1997; Porter & Wilkins, 1999). In the 

largest study published to date, L. scoparium from 87 locations across New Zealand 

showed 10 distinct regional chemotypes as shown in Table 1.1, with essential oils from 

the East Cape containing a higher volatile triketone concentrations compared to other 

sites (Douglas et al., 2004). The poorly volatile triketone, grandiflorone, which is barely 

extractable into steam distilled essential oils, has now been found in L. scoparium leaf 

extracts from various regions (Killeen et al., 2015), along with the even less volatile nor-

grandiflorone (myrigalone A) (Killeen et al., 2016).  
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Table 1.1 Cluster analysis of distinct essential oil composition (chemotypes) of 
Leptospermum scoparium using GC-MS analysis based on geographic locations 
in New Zealand (Douglas et al., 2004) 

 

The qualitative differences between L. scoparium chemotypes seems to be mainly under 

genetic control (Perry et al., 1997). Chemotype variation in many other medicinal plants 

has also been linked to genetic differences, e.g. thyme (McGimpsey et al., 1994), yerba 

mansa (Medina-Holguín et al., 2008) and beach Vitex (Hu et al., 2007), but nutrient levels 

and plant growth regulators have also been shown to modify essential oil content and 

composition. For example, the application of phosphorus affected concentrations of 

eugenol, linalool, 1,8-cineole, amyl acetate and germacrene D in Ocimum basilicum 

(Ichimura et al., 1994). Varying auxin concentration in the culture medium changed major 

monoterpene components of cultured plantlets of Lavandula dentata (Sudriá et al., 1999).  

Endophytic bacteria have also been shown to modify plant secondary metabolism. 

Inoculations with Pantoea sp. and Pseudomonas sp. have been reported to modify 

essential oil composition in medicinal plants including Vetiveria zizanioides, O. basilicum 

and Atractylodes lancea (Del Giudice et al., 2008; Singh et al., 2013; Zhou et al., 2016). 

However, this phenomenon is poorly understood in plants that produce essential oils. 

 

1.2 Microbial associations with Leptospermum scoparium  

In New Zealand, many microbial associations with New Zealand native plants such as L. 

scoparium and their function in planta are largely unexplored. The very first study of 

microorganisms associated with L. scoparium was reported by Hoy (1961). The author 

observed a sooty mould caused by Capnodium elegans on the stem of L. scoparium. 

Since then all of the studies on microorganisms associated L. scoparium have focussed 

on fungi. Previous studies reported that endomycorrhizas and ectomycorrhizas form 

Cluster Chemotype Site of Origin 
1 α-pinene North and South Island 
2 Sesquiterpene/ myrcene Waikato region (North Island) 
3 Caryophyllene/humulene North Island 
4 Sesquiterpene 33 North Island 
5 Geranyl acetate North Island 
6 c-ylangene/α-copaene Marlborough Sounds 
7 Sesquiterpene plus East Cape Triketone North of the South Island and East Cape 
8 Methyl-cinnamate/sesquiterpene North and South Island 
9 Linalol North and South Island 
10 Elemene/selinene Predominantly in the South Island  
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associations with L. scoparium (Cooper, 1976; Moyersoen & Fitter 1999; Weijtmans et al., 

2007). The ectomycorrhizas of L. scoparium also support the process of seedling 

establishment in beech forests (Burrow & Lord, 1993). Species from the arbuscular 

mycorrhizal genera Acaulospora, Rhizophagus and Glomus were reported to be 

associated L. scoparium (Hall, 1977; McKenzie et al., 2006). An early study by Johnston 

(1998) revealed that the most common leaf endophyte in L. scoparium was a Phyllosticta 

spp. followed by Botryosphaeria spp. and Alternaria spp. Furthermore, McKenzie et al. 

(2006) stated that 450 taxa of fungi (including oomycetes and myxomycetes) are 

associated with L. scoparium and may have roles as ectomycorrhizae, mycobionts, 

endophytes, pathogens, or as saprobes. However, there are no studies on the endophytic 

bacteria associated wth L. scoparium. Since endophytes form close associations with the 

plant and are known to affect plant nutrient uptake and the production of secondary 

metabolites (Porras-Alfaro & Bayman 2011; Brader et al., 2014), endophytic fungi and 

bacteria may play a role in growth and essential oil production in L. scoparium.  

 

1.3 Endophytes 

There are a range of usages for the term of “endophyte” from meaning facultative 

saprobe, parasite or mutualist (Schulz & Boyle, 2006). This term usually refers to bacteria 

and fungi (Wilson, 1995). More than 300,000 plants species are known to have one or 

more endophytic microorganism living within live plant tissue (Strobel & Daisy, 2003). 

Some endophytic microorganisms are known to provide beneficial functions to their plant 

host, such as, phosphate solubilization, nitrogen fixation, pathogen protection, heavy 

metal protection and mineral uptake (Chen et al., 2003; Rajkumar & Freitas, 2009; Bae et 

al., 2011; Gupta et al., 2012). 

 

1.3.1 Ecology of endophytic bacteria 

Studies reported that seeds harboured endophytic bacteria that can be transmitted to the 

next plant generation (vertical transimission) (Ferreira et al., 2008). Mastretta et al. (2009) 

reported that endophytic bacteria recovered from seeds of Nicotiana tobacum supported 

the early growth of the new plants. Van Oevelen et al. (2003) also reported a similar 

finding from Psychotria sp. (Rubiaceae). These suggested the importance of seed-

microbiota that may support growth of the plant host.  
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Most endophytes are also considered to originate from the rhizosphere soil (horizontal 

transmission) (Partida-Martinez & Heil, 2011; Reinhold-Hurek et al., 2011). They might 

enter the plant hosts through natural wounds as a result of plant growth or through root 

hairs and actively penetrate plant tissues using hydrolytic enzymes (Hallmann et al., 

1997; Lodewyckx et al., 2002). Alternatively, natural opening such as stomata and 

lenticels and wound also might allow phyllosphere bacteria to penetrate and colonize 

leaves and stems (Hallmann, 2001). It has been suggested endophytic bacteria might 

either remain localized in a specific plant tissue such as root or move and colonize 

different niches through vascular tissue (Hallman et al., 1997; Compant et al., 2010). 

However, only a few of them can colonize different cell types due to plant barriers such as 

the cell wall, antimicrobial toxins or other inducible defence mechanisms (Hallmann, 2001; 

Balmer et al., 2012) that might inhibit their spread in the plant tissues.  

 

1.3.2 Visualization of endophytic bacteria colonization 

A combination of molecular techniques and microscopy methods can be used to visualize 

endophytic bacteria colonization in planta. One of the most common techniques is 

autofluorescent using green fluorescent protein (gfp). By using epi-fluorescent 

microscopy, Germaine et al. (2004) visualized endophytic colonization of three gfp 

labelled Pseudomonas strains in poplar trees (Populus trichoarpa × deltoides cv. 

Hoogvorst). The authors demonstrated that rhizosphere bacteria can colonize root tissue 

of the plant host and spread to aerial tissue through the vascular system. A similar 

technique was used to study colonization by endophytic bacteria in Oryza sativa (rice), 

Solanum tuberosum (potato), Arabidopsis thaliana and Vitis vinifera (grapevine) 

(Elbeltagy et al., 2001; Hallmann et al., 2001; Compant et al., 2005b). Fluorescence in 

situ hybridization confocal laser scanning microscopy (FISH/CLSM) is also a common 

technique to visualize colonization of endophytic bacteria in planta. Since plants supply a 

number of different microniches and surface types for bacterial colonization such as the 

rhizoplane, endorhiza, in the apoplastic spaces or inside of xylems, FISH/CLSM 

technique can precisely visualize localization of the endophytic bacteria cells in plants by 

using XY or Z-scan images and constructing three-dimensional images (Cardinale, 2014). 

By using DNA-probes labelling techniques based on specific sequences of rRNA genes, 

FISH/CLSM is ideal to detect specific endophytes (Cardinale, 2014). Rybakova et al. 

(2015) observed colonization of Paenibacillus isolates in root and leaf tissues of Brassica 

napus L (oilseed rape) seedling by using FISH-CLSM with Penibacillus genera specific 

probes. A combination of CLSM and the universal oligonucleotide probe EUB338 was 
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used to detect presence of endophytic bacteria in leaves of Vitis vinifera (Piccolo et al., 

2010). This study demonstrated that different layers of the leaf tissue were colonized by 

the endophytic bacteria. 

 

1.4 Importance of endophytes for the plant hosts 

Endophytic bacteria can have unique properties to support plant growth and productivity 

either through direct, i.e. nutrient uptake and plant growth hormone production, or indirect 

mechanisms, i.e. heavy metal and plant pathogen tolerance (Lodewyckx et al., 2002). 
Several novel antibiotics have been isolated from endophytic bacteria recovered from 

medicinal plants (Castillo et al., 2002; Castillo et al., 2003). Furthermore, endophytic 

bacteria with biocontrol activity also have been isolated from medicinal plants (Miller et al., 

2012; Köberl et al., 2013a; Tianxing et al., 2013). 

 

1.4.1 Nutrient Uptake  

Endophytic bacteria can have a key role in the cycling of nutrients such as phosphate (P) 

and nitrogen (N) (Lodewyckx et al., 2002; Ryan et al., 2008). There are many reports of 

this in the literature, for example, inoculation of Aloe barbadensis Miller with Serratia 

marcescens increased P uptake by up to 184% compared to the uninoculated control 

(Gupta et al., 2012). In addition, Kuklinsky-Sobral et al. (2004) reported a high frequency 

(49%) of endophytic bacteria that can solubilize P were recovered from Glycine max 

(soybean). The authors suggested that they could improve P availability to the plant host. 

The plant host is often quite dependent on adequate supply of N for growth (Robertson & 

Vitousek, 2009; Xu et al., 2012). Rhizobia are an example of endophytic bacteria that fix 

N from the atmosphere and make it available to their host (legumes) (Cocking, 2003; 

Bhattacharjee et al., 2008). This is a well-defined symbiosis with complex signalling 

between plant and host that results in the differentiation of root tissue into nodules. These 

bacteria have sometimes been used in combination with other endophytic bacteria to 

achieve better results. For example, a bacterial consortium treatment consisting of 

Bradyrhizobium japonicum MN110, B. megaterium LNL6 and Methylobacterium oryzae 

CBMB20 increased nodule number, leghaemoglobin content, root nitrogenase activity and 

total plant nitrogen content in soybean (Subramanian et al., 2015).  
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1.4.2 Protection against plant pathogens 

Endophytic bacteria have a role in protecting plants from pathogens by producing 

antifungal compounds such as chitinase, antibiotics and by inducing the plant defence 

system (Compant et al., 2010; Reinhold-Hurek & Hurek, 2011; Seo & Song, 2012). Seven 

P. fluorescent strains that produced 2,4-diacetylphloroglucinol (DAPG) were able to 

suppress rice bacterial blight caused by Xanthomonas oryzae pv. oryzae by up to 59%–

64% in pot and field experiments, whereas, a mutant defective in DAPG production was 

much less effective (Velusamy et al., 2006). Trotel-Aziz et al. (2008) demonstrated that 

inoculation with seven endophytic bacteria that belonged to the Pseudomonas, Bacillus, 

Pantoea and Acinetobacter genera protected grapevine leaves against gray mould 

disease, caused by Botrytis cinerea, by inducing the defense-related enzymes 

lipoxygenase, phenylalanine ammonia-lyase and chitinase. Another mechanism by which 

endophytic bacteria can protect plants from pathogens is siderophore production. Iron 

(Fe) is an essential element for metabolic processes. In spite of the great abundance of 

Fe in soil, its availability is limited at neutral pH (Loper & Buyer, 1991). Microorganisms 

can produce siderophores to uptake Fe under Fe-limiting conditions (Whipps, 2001). This 

mechanism produces competition between non-pathogenic and pathogenic 

microorganisms to scavenge iron in the soil (Wensing et al., 2010). High siderophore 

producers make Fe unavailable for pathogens resulting in reduced activity and infection 

(Whipps, 2001). 

Endophytic bacteria can be transmitted to different hosts as biocontrol agents. 

Burkholderia sp. strain PsJN that was isolated from onion was transferred to grapevine 

and was able to reduce disease development caused by Botrytis cinerea (Nowak et al., 

1997; Barka et al., 2002). Two endophytic Streptomyces strains that were isolated from 

the roots of native plants of the Algerian Sahara i.e Cleome arabica and Astragallus 

armatus were able to colonize tomato seedlings and reduce the severity of damping-off 

disease caused by Rhizoctonia solani (Goudjal et al., 2004). These endophytes had 

exhibited antagonistic activity in vitro. These studies indicate that endophytic bacteria may 

have a broad host-range and can retain their biocontrol activity when they are transferred 

into the new host. 

 

1.4.3 Enhancement or modification of plant secondary metabolites 

During the establishment of a symbiosis with microbes, a range of chemical and biological 

parameters are affected in plants, including the production of secondary plant 
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compounds. For example, accumulation of flavonoid (Larose et al., 2002), phytoalexin 

(Yao et al., 2003), and phenolic compounds (Devi & Reddy, 2002), have been reported in 

plants colonized by arbuscular mycorrhizal fungi (AMF). Furthermore, Trichoderma virens 

treatment of cotton seedlings subsequently challenged by Rhizoctonia solani showed 

increasing terpenoid concentration (Howell et al., 2000). These studies indicated that 

interactions between endophytes and the plant may trigger the plant defence system by 

induced synthesis of secondary metabolites (Howell et al., 2000; Li et al., 2012b).   

Inoculation with endophytic bacteria has been shown to modify essential oil composition 

in medicinal plants. Inoculation of B. subtilis increased oil yield in Ocimum sanctum 

(Tiwari et al., 2010). Inoculations with Pantoea, Pseudomonas and Acinetobacter species 

have been reported to modify essential oil composition in several medicinal plants 

including V. zizanioides (a grass cultivated for essential oils), O. basilicum and A. lancea 

(a Chinese herbal medicine plant) (Del Giudice et al., 2008; Singh et al., 2013; Wang et 

al., 2015; Zhou et al., 2016). Dharni et al. (2014) showed that the increase in essential oils 

yield by Pseudomonas spp. inoculation was related to an increase in the size of glandular 

trichomes, the structures for oil production, in rose-scented geranium (Pelargonium 

graveolens cv. bourbon).  

Several examples of plant secondary metabolites that can also be produced by 

endophytic of bacteria have been reported. Common examples include the many plant 

hormones such as abscisic acid, gibberellins and indole-3-acetic acid that can also be 

produced by endophytic bacteria (Forchetti et al., 2007; Cohen et al., 2009; Taghavi et al., 

2009). Furthermore, indolosesquiterpenes as a group of alkaloids that are commonly 

found in plants were isolated from Streptomyces sp. HKI0595, a bacterial endophyte of 

the widespread mangrove tree Kandelia candel (Ding et al., 2011). An endophytic 

bacteria, Kitasatospora sp. isolated from Taxus baccata can produce paclitaxel (taxol) 

which is an anti-cancer compound that is also produced by the plant host (Caruso et al., 

2000). This has been hypothesised to be due to acquisition of plant genes through mutual 

evolution between microbes and the plant hosts (Janso & Carter, 2010). For this reason, 

endophytes may be used as an alternative source of bioactive metabolites if its sole 

source is rare or in difficult to cultivate higher plants (Strobel, 2003, Brader et al., 2014). 

 

1.5 Endophyte community and functionality analysis 

Studies of microbial communities can use both cultivation-dependent and independent 

approaches (Chen et al., 1995; Sturz et al., 1999). Cultivation-dependent approaches can 
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provide microbial collections that are useful for bioactivity testing both in vitro and in 

planta. However, several studies have demonstrated that the cultivation-dependent 

approach is of limited value in describing the complete microbiome as only few 

representatives of the microbial population are recovered and this leads to a biased 

analysis of the communities (Peršoh, 2013; Jin et al., 2014). As a result, culture-

independent methods such as denaturing gradient gel electrophoresis (DGGE) and, more 

recently, next generation sequencing platforms have been widely used to study the 

microbial diversity (Dowd et al., 2008; Cleary et al., 2012; Yu et al., 2015). DGGE 

provides a relatively cheap, robust and quick approach to overview microbial community 

composition, while DNA metabarcoding using next generation technology provides a 

deeper investigation of the microbiome community structure and identifies species with 

greater accuracy (Yu et al., 2015; Qin et al., 2016). No studies have explored the 

endophytic bacterial community in L. scoparium. Therefore, studies of the endophytic 

bacterial communities associated with L. scoparium are both important and novel.  

 

1.5.1 Cultivation-dependent approaches  

Prior to bacterial cultivation, surface sterilization techniques are used to kill surface 

microorganisms. These processes use various disinfectants such as ethanol and sodium 

hypochlorite (Hallmann et al., 1997; Lodewyckx et al., 2002). The complete surface 

sterlization process usually consist of several steps such as washing with water to remove 

loosely adhering soil and epiphytic microbes on the surface, surface sterilization to kill the 

remaining microorganisms on the plant surface, rinsing the sample in sterile washing 

solution to remove the sterilant and a sterility check to demonstrate the effectiveness 

(Hallmann et al., 2006). The sterility check can be done by imprinting the surface sterilized 

tissue onto bacterial growth medium or spreading the final washing solution onto a 

bacterial growth medium (McInroy & Kloepper, 1995; Hallmann et al., 1997). The bacteria 

that are recovered from bisected surface sterilized tissue are considered as endophytes if 

bacterial growth in the sterility check has not occured after a certain period of time 

(Hallmann et al., 1997; Padgham & Sikora, 2007).  

A broad range of media are used to recover bacteria from plant tissues. Two broad types 

of media, namely complex and minimal media, are used to recover endophytic bacteria. A 

complex medium such as tryptic soy agar (TSA) or nutrient agar consists of carbon 

sources, salts and amino acid sources derived from fungal, plant or animal origin (yeast 

extract, tryptone, peptone, etc.) but the exact composition is unknown (Basu et al., 2015; 

Eevers et al., 2015). This type of media allows most cultivable bacteria to grow due to 
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high amounts of nutrients. However, slow growing endophytic bacteria might be 

overlooked due to the overgrowth of fast-growing endophytic bacteria (Eevers et al., 

2015). Minimal medium such as R2A, M3 and M9 contain a limited amount of nutrients 

and their exact composition is known. This type of media allows slow growing bacteria to 

be recovered (Ulrich et al., 2008; Basu et al., 2015; Eevers et al., 2015). In the literature, 

there is no general agreement on which is the best medium to cultivate endophytic 

bacteria. In soybeans a higher endophytic bacterial diversity was obtained on a minimal 

medium (R2A) compared to complex media (nutrient agar or potato dextrose agar) 

(Okubo et al., 2009). Endophytic bacterial populations recovered from cotton using 

minimal medium (R2A) were significantly higher than by using complex medium (TSA) 

(McInroy & Kloepper, 1995). In contrast, the opposite result was reported by Eevers et al. 

(2015) and Elvira-Recuenco & Van Vuurde (2000) in field pumpkin and pea, respectively. 

These studies indicate that different plant species might influence the number and 

diversity of bacteria recovered on different media. 

Plate and liquid assays are routinely used to conduct rapid screening of the isolated 

bacteria for specific traits that are linked to improved plant growth and productivity, such 

as, nutrient uptake, auxin production and disease resistance. Phosphate solubilisation is a 

commonly assessed trait of bacteria that can increase nutrient uptake to plants 

(Richardson et al., 2001). Synthetic agars which contain insoluble inorganic phosphate 

such as tricalcium phosphate (TCP) have been used to screen phosphate solubilizing 

bacteria including endophytic bacteria (Frey-Klett et al., 2005; Dias et al., 2009; Andrade 

et al., 2014). The assay examines the relative efficiency of the strains to produce a clear 

zone as an indication of phosphate solubilisation due to the production of organic acids by 

the bacteria (Mehta & Nautiyal, 2001). The use of TCP usually yields a high number of 

putative phosphate solubilizing bacteria (PSB) but only few are effective in field conditions 

(Bashan et al., 2013). Since TCP is easily solubilised by bacteria researchers have 

suggested that other less soluble inorganic phosphate compounds such as 

hydroxyapatite for alkaline soils, Fe-P and Al-P compounds for acidic soils are more 

appropriate and will give a better reflection of field performance. Bacteria can also 

stimulate plant growth by producing auxin like hormones from tryptophan which is 

available in root exudates as an auxin precursor (Kravchenko et al., 2004). Merzaeva et 

al. (2010) used a medium which was supplemented with L- tryptophan to screen bacteria 

for auxin producing ability. The authors found that 70% (n=30) of endophytic bacteria 

recovered from root tissue of winter rye cultivar Vyatka 2, with three strains 

(Curtobacterium plantarum 6 I, C. plantarum 2 II, or Cellulomonas sp. 7) increasing plant 

biomass by 40-58%. Dual culture plate assays and specific agars to measure siderophore 
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production are commonly used to screen bacteria for potential as biocontrol agents 

(Dowling & O’Gara, 1994; Berg et al., 2002). Faltin et al. (2004) used dual culture on 

Waksman agar to screen bacteria with ability to control Rhizoctonia solani in lettuce. 

Chromo Azurol S (CAS) medium can be used to isolate siderophore producing bacteria 

by identifying bacteria capable of producing an orange halo zone as a result of 

siderophore production (Milagres et al., 1999).  

To investigate the effect of endophytic bacteria in planta inoculation techniques to re-

introduce the endophytic bacteria to the original or new plant hosts must be developed. 

Bressan & Borges (2004) evaluated five different delivery method i.e seed inoculation, soil 

drench, foliar spray, pruned-root dip and a combination of seed inoculation and soil 

drench to induce endophytic colonization by 10 different Bacillus spp. strains in maize. 

The authors suggested that the pruned-root dip was the most efficient method because 

direct exposure of wounded tissue to the endophytic bacteria provided a site for bacteria 

to invade and colonize the plant host. The same method was also used for introducing 

endophytic bacteria, namely Enterobacter asburiae and Rhizobium etli, into cotton and 

potato, respectively (Musson et al., 1995; Hallmann et al., 2001). Another method that is 

also commonly used is soil drenching. By soil drenching, B. subtilis strain E1R-j was able 

to colonize roots and leaves and reduced infection and colonization by Gaeumannomyces 

graminis var. tritici in root tissue of wheat (Liu et al., 2009). Following soil drenching, B. 

subtilis Lu144 colonized through cracks formed on the roots of mulberry seedlings and 

reduced bacterial wilt incidence (45-52%) caused by R. solanacearum (Ji et al., 2008).   

 

1.5.2 Cultivation-independent approaches  

1.5.2.1 Denaturing Gradient Gel Electrophoresis (DGGE) 

DGGE technique allows separation of DNA fragments with the same length but different 

sequences which represent different individual species within the sample (Muyzer et al., 

1993). DNA fragments are separated based on the decreased electrophoretic mobility of 

a partially melted double stranded DNA in polyacrylamide gels containing gradient of DNA 

denaturants (Muyzer et al., 1993). By targeting 16S rRNA and 18S rRNA gene, DGGE 

has been used for analysis of bacterial and fungal communities (including AMF) (Garbeva 

et al., 2001; Kowalchuk et al., 2002; Toljander et al., 2008; Cleary et al., 2012). 

Denaturing gradient gel electrophoresis (DGGE), has been used to analyse communities 

of endophytic bacteria in many different samples and for different purposes. By using 
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DGGE Abreu-Tarazi et al. (2010) showed distinct endophytic bacterial communities, 

namely, Actinobacteria, Alphaproteobacteria and Betaproteobacteria in different organs of 

Ananas comosus (pineapples) suggesting an influence of plant organ on endophytic 

community. Doi et al. (2007) demonstrated that greater bacterial diversity was observed in 

the rhizosphere of rice in upland soil compared to lowland soil using DGGE. Kowalchuk et 

al. (2002) used DGGE to investigate AMF associated with Ammophila arenaria in Dutch 

coastal sand dunes without the use of trap plant cultivation methods. This technique 

allowed the author to detect a putatively novel Glomus species. DGGE can be a powerful 

tool to assess microbial communities because of its high throughput, ability to 

comparatively profile many samples and thus facilitate the spatial and temporal analysis 

of microbial communities in ecosystems (Nakatsu, 2007).  

Although a well-recognized and widely used technique several limitations are attributed to 

DGGE when assessing community diversity including the inability to detect minor 

components of the microbial community (Mühling et al., 2008), co-migration of DNA 

molecules with different sequences and the potential to produce multiple bands from a 

single bacterial species (Muyzer et al., 1993; Nübel et al., 1997). These facets may result 

in an over or under estimate of the community diversity. However, despite its limitations, 

several studies have demonstrated a congruent pattern of bacterial composition and 

diversity between DGGE and more advanced technique such as high throughput 

sequencing (Cleary et al., 2012; Qin et al., 2016).  

 

1.5.2.2 DNA metabarcoding using next generation sequencing (NGS) platforms 

Next generation sequencing refers to massively parallel methods for DNA sequencing 

that allow several hundred thousand to tens of millions of sequences to be read at the 

same time (Shokralla et al., 2012). This field is progressing fast with pyrosequencing 

machines no longer being made despite only being introduced by Roche in 2005. One of 

the current commonly used commercial platforms is the Illumina MiSeq (Illumina Inc., San 

Diego, CA, USA) which is based on sequencing-by-synthesis of different template 

molecules adhering to the surface of a flow cell simultaneously. In this massively parallel 

process a single base is added to all templates per flow cycle and the incorporated 

nucleotide in each cluster on the flow cell is identified before the next base is added 

(Shokralla et al., 2012). With the development of a dual-index sequencing strategy, the 

Illumina MiSeq platform can produce paired 250-nucleotide reads with good resolution for 

microbial taxonomic assignment (Kozich et al., 2013). 



 30 

Metabarcoding using Illumina MiSeq platform is a powerful tool to study endophyte 

communities. DNA metabarcoding targets a particular gene to describe structure 

(taxonomic characterization) of microbes from environmental samples (Mendoza et al., 

2015). The 16S rRNA gene is commonly used for metabarcoding to characterize bacteria 

commuities from enviromental samples because this gene is present in all bacteria and is 

sufficient for taxonomic assignment (Chakraborty et al., 2014). In addition, large curated 

databases such as SILVA, Greengenes and Ribosomal Data Project (Bacci et al., 2015) 

are available to assign bacterial taxonomy. Müller et al. (2015a) used 16S rRNA 

metabarcoding with Illumina MiSeq platform to show that Proteobacteria, followed by 

Firmicutes, Actinobacteria, and Bacteroidetes were abundant in leaves of Olea europae 

(olives). The author also stated that the composition of the endophytic bacteria had a 

strong correlation to the plant genotypes. A similar study by Barret et al. (2015) 

demonstrated that during germination and emergence, the seed microbiome of 28 plant 

genotypes affiliated mostly to the Brassicaceae were affected by plant genotype. 

Furthermore, Edwards et al. (2015) reported that root-associated microbe communities of 

Oryza spp. (rice) were influenced by geographical location, soil source, host genotype 

and cultivation practice 

Microorganisms that commonly associate with a plant species and provide a key role in 

their physiology may be considered as forming a core microbiome (Lebeis, 2014). Using 

metabacoding, Winston et al. (2014) revealed a core endomicrobiome in Cannabis 

samples that consisted of Pseudomonas, Cellvibrio, Oxalobacteraceae, 

Xanthomonadaceae, Actinomycetales and Sphingobacteriales from the endorhiza, 

rhizosphere and bulk soil of five distinct Cannabis cultivars. Five operational taxonomy 

units (OTUs) consisting of Pelomonas sp., Ralstonia sp., Nitrososphaera sp., 

Pseudomonas sp. and Actinobacter sp. were defined as putative core microbiome in O. 

europae (Müller et al., 2015a). 

 

1.5.2.3 Metagenomics: DNA sequencing from environmental samples 

As opposed to metabarcoding, metagenomics studies not only characterize structure but 

also characterize function of collective microbial genomes recovered directly from 

environmental samples (Mendoza et al., 2015). This approach not only targets a specific 

DNA region as a gene marker (metabarcoding) but the genome as a whole. Thus, it 

provides functional characterization of microbes in the environment (Mendoza et al., 

2015). Prior to the introduction of NGS, metagenomic studies were done by extracting 

DNA from environmental samples, shearing it to yield DNA with sufficient length, DNA 
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cloning and direct sequencing with Sanger sequencing (shotgun sequencing) (Riesenfeld 

et al., 2004; Tyson et al., 2004; Sessitsch et al., 2012). Using new massively parallel 

sequencing technologies this process is improved by avoiding the need to create large 

clone libraries (Tian et al., 2015). By using a metagenomics approach (shotgun 

sequencing), Wang et al. (2008) reported-proteobacteria and Actinobacteria as the 

dominant endophytic bacteria from the tropic tree Mallotus nudiflorus while some of their 

genes associated with amino acid transport and metabolism, carbohydrate transport and 

metabolism and secondary metabolite biosynthesis. The author suggested that 

metagenomics can reveal the potency of plant microbiota as a source of bioactive 

compounds. Using a similar approach Sessitsch et al. (2012) reported putative genes 

from endophytic bacteria of rice including those endcoding flagella, plant-polymer-

degrading enzymes, protein secretion systems, iron acquisition and storage and quorum 

sensing. The author suggested that these genes might be associated with their 

endophytic lifestyle in plant host. Metagenomics approach can predict trait and metabolic 

processes from microbe in the environment (Fierer et al., 2012; Sessitsch et al., 2012). 

 

1.6 Aims and objectives of this research 

In New Zealand, there is a significant knowledge gap of the functional diversity of the 

microbial endophytes of native plants, particularly with respect to bacterial endophytes. 

Studies in other plants have shown that endophytic bacteria have roles in plant growth, 

health and metabolite production. Leptospermum scoparium is known to have a high 

antimicrobial activity and it may therefore also be a source of bioactive microorganisms 

with potential as biocontrol agents. However, no study has been done on endophytic 

bacteria in L. scoparium. The goal of this research is to describe the structure and some 

of the functional properties of the bacterial endomicrobiome through a combination of 

cultivation-independent and dependent approaches. To achieve these aims, three 

objectives were developed as outlined below: 

1. To investigate the population structure and diversity of endophytic bacteria in L. 

scoparium and also identify members of the core bacterial endomicrobiome. 

2. To investigate functional properties of endophytic bacteria in L. scoparium and 

their ability to modify essential oil composition of L. scoparium. 

3. To determine whether selected endophytic bacteria and their beneficial properties 

can be transmitted to agriculturally important plants species as biocontrol agents. 
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2 Chapter 2 
Structure and diversity of the bacterial endomicrobiome in 

Leptospermum scoparium (mānuka) 
 

This work has been published  
Wicaksono, W. A., Jones, E. E., Monk, J., & Ridgway, H. J. (2016). The bacterial 
signature of Leptospermum scoparium (Mānuka) reveals core and accessory 
communities with bioactive properties. PloS one, 11(9): e0163717. 
 

2.1 Introduction 
With the recognition of plants as meta-organisms it is clear that endophytes form a 

second genome in plants and provide a rich supplementary genetic reservoir to the host, 

influencing all aspects of plant metabolism. Endophytes especially endophytic bacteria 

play important roles in the ecology of the host plants. A study by Rout et al. (2013) using 

DGGE demonstrated that Sorghum halepense, an invasive plant, actively recruited 

endophytic bacteria to enhance plant growth and competitiveness. Growth of S. 

halepense relies on endophytic bacteria to improve nitrogen and phosphate uptake. 

Inhibition of endopytic bacteria activity in planta using antibiotics were shown to 

significantly reduced plant growth and biomass. Araújo et al. (2002) used DGGE to 

observe differences in endophytic bacterial communities that were related to the ability of 

plants to resist citrus variegated chlorosis (CVC) caused by Xylella fastidiosa. Based 

on DGGE results a high abundance of Curtobacterium flaccumfaciens was 

observed in asymptomatic plants and it is likely that this organism plays a role in 

resistance to CVC. In addition, by using Illumina MiSeq and gene prediction based on 

16S rRNA sequences Zarraonaindia et al. (2015) showed that endophytic bacteria in Vitis 

vinifera (grapevine) root that belonged to Proteobacteria might play a role in the 

metabolism of macro- and micronutrients (K, S, and Fe) in the plant as well as plant 

stress tolerance and therefore they may benefit the plant.  

Previous studies on fungi associated with Leptospermum scoparium revealed that the 

most common leaf endophyte was a Phyllosticta spp. followed by Botryosphaeria spp. 

and Alternaria spp. (Johnston, 1998). Later, 450 taxa of fungi were reported have 

association with L. scoparium and may play roles as ectomycorrhiza, mycobionts, 

endophytes, pathogens, or saprophytes (McKenzie et al., 2006). However, these studies 

were not confined to endophytes and excluded bacteria. No studies have defined the 

community structure of endophytic bacteria in L. scoparium, termed the bacterial 
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endomicrobiome. Medicinal plants, such as L. scoparium, that are recognised for 

antimicrobial metabolites may also be a source of endophytes with biocontrol activity or 

that produce new antimicrobial compounds (Miller et al., 2012; Köberl et al., 2013b; 

Tianxing et al., 2013). Nearly 300,000 plant species are host to one or more endophytes 

but only few of these plants have ever been completely investigated relative to their 

endophytic biology (Strobel & Daisy, 2003). Therefore, exploration of the biodiversity of 

endophyte strains in medicinal plant such as L. scoparium may identify new drugs to treat 

diseases in humans, plant and animal (Strobel & Daisy, 2003; Strobel et al., 2004; Aly et 

al., 2011). 

This chapter represents the first study to specifically describe endophytic bacteria in L. 

scoparium. This chapter addressed this gap by determining (i) the structure and diversity 

of the bacterial endomicrobiome and (ii) the main factors that influence the community 

structure of the endomicrobiome. The study uses two molecular tools to study the 

endomicrobiome. A large number of samples were initially analysed from three diverse 

sites using denaturing gradient gel electrophoresis (DGGE). The data generated from 

these sites was used to direct later sampling by determining the main factors influencing 

the L. scoparium endomicrobiome. The material collected in the second more extensive 

sampling was analysed by next generation sequencing using Illumina MiSeq. This data 

was used to determine the structure of the endomicrobiome across 11 different sites in 

New Zealand. 

 

Section 1: Factors that influence the composition of the 
endomicrobiome in Leptospermum scoparium 

 

2.2 Materials and Methods 

2.2.1 Plant sampling 

Leptospermum scoparium samples were collected from three sites between July and 

August 2013 in the South Island of New Zealand. The Travis Wetland (-43.484246, 

172.690247) is located in Christchurch and is a restored, managed wetland containing 

plants of the Canterbury chemotype. This site has an average annual rainfall of 500-600 

mm. At sampling the roots were submerged in 2-5 cm of water. Site 2 was marginal farm 

land at Island Hills Station (-42.74402, 172.5617) with an annual rainfall of 600-700 mm. 
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Site 3 was located on the West Coast (-41.93865, 171.4259) and with average annual 

rainfall of 2400-2600 mm. Samples from six, three and five mature plants (>20 years old) 

and three, two and four immature plants (3-8 years old) were taken from Island Hills 

Station, Travis Wetland and West Coast sites, respectively. Age was estimated from local 

knowledge of forest fires or planting dates. From each tree, five branches and five lateral 

roots were randomly sampled and stored at 4°C for up to 1 week prior to processing.  

 

2.2.2 Surface sterilisation of plant tissue 

From each plant a composite sample of leaf (approximately 20 healthy leaves from five 

different branches), stem (approximately 0.5-1 cm length of stem from five different 

branches) and root (approximately 2-3 cm length of five lateral roots) tissues were taken. 

The samples were surface sterilized prior to DNA extraction using the following 

procedure: stems were debarked under tap water, then leaves, stems and roots were 

washed for 30 s under tap water to remove dirt and soil and air dried for 1 min in a 

laminar flow hood. All plant tissues were soaked in 96% ethanol for 10 s then transferred 

to 2% sodium hypochlorite solution for 2 min (leaf) or 3 min (stem and root) and 

subsequently rinsed 3 times in sterile water for 1 min each time. To validate the surface 

sterilisation, randomly selected sterilised plant tissues (approximately 10% of samples) 

were pressed onto R2A and potato dextrose agar for 30 s (Difco, Becton Dickinson and 

Company) for 30 s.  

 

2.2.3 Plant identification using external transcribed-spacers (ETS) region 

To confirm plant identity as L. scoparium, DNA extracted from a leaf sample of a single 

random plant from each site was selected (including samples from Section 2). Total DNA 

from leaves were extracted using the PowerPlant™ DNA isolation kit (MoBio 

Laboratories, Carlsbad, USA) following the manufacturer’s instructions. A region of the 

external transcribed spacer (ETS) of 18S-26S rRNA gene was amplified using the primer 

pair ETSKun (‘5 CGT GCT GGT GCA CCG AA 3’) and ETS-18S (5’GAG CCA TTC GCA 

GTT TCA CAG 3’) (de Lange et al., 2010). PCR was performed using thermal cycler 

(Applied Biosystem Verity, Thermofisher Scientific Inc., USA) in a 25 µl volume containing 

1× buffer, 0.2 mM deoxynucleotide triphosphates (dNTPs), 1.5 mM MgCl2, 0.4 µM of each 

forward and reverse primers (IDT, Intergrated DNA Technologies Inc.) and 1 U Taq DNA 

polymerase (Roche, Roche Custom Biotech, Switzerland). PCR was done by an initial 

denaturation at 94oC for 2 min, followed by 35 cycles of denaturation at 94oC for 30 s, 
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annealing at 60oC for 30 s, extension at 72oC for 1 min, with final extension at 72oC for 7 

min.  

The PCR-amplified ETS genes were sequenced directly at the Lincoln University 

Sequencing Facility using primer ETS-18S. The sequences obtained were viewed using 

Chromas Lite 2.1 (Technelysium Pty Ltd, Australia) and manually trimmed (length 

approximately 420 bp) using DNAMAN 4.0 (Lynnon Biosoft, Canada) to remove 

ambiguous sequence. The sequences were then compared with those of know origin 

using the Basic Local Alignment Search Tool (BLAST) and the GenBank database 

(http://www.ncbi.nlm.nih.gov). The sequences were aligned using CLUSTALW and the 

distance matrices and phylogenetic trees were calculated by neighbour-joining (Saitou & 

Nei, 1987) algorithms in MEGA 6 software (Molecular Evolutionary Genetic Analysis; 

Tamura et al., 2013). All sequence was deposited in the GenBank database under 

accession numbers KU948638-KU948648. 

 

2.2.4 Pilot study of the application of propidium monoazide (PMA) to eliminate 
surface DNA from PCR 

2.2.4.1 PMA cross linking 

Propidium monoazide (PMA) is a membrane-impermeable dye that selectively penetrates 

cells with damaged membranes, which can be considered dead. Once PMA penetrates 

the cell it intercalates DNA upon exposure to intense visible light and, as a result, DNA 

cannot be amplified by PCR (Nocker et al., 2007). PMA was used to ensure only DNA 

from bacterial endophytes was amplified.  

The method was validated prior to use in the following process. Surface sterilized leaves 

from Island Hills Station (n=9) were soaked in 500 µL sterile water using transparent 0.7 

mL tubes (Axygen, USA) and 1.25 µL 20 mM PMA (Biotium Inc., USA) added. The 

samples were incubated in the dark for 5 min and then exposed to a 650-W halogen light 

for 5 min. For a positive control a 500 µL (107 – 108 CFU/mL) culture of Rhizobium 

leguminosarum strain TA1, which had been heated at 95oC for 10 min in order to kill the 

bacteria, was used. This non-viable culture of R. leguminosarum strain TA1 was treated 

with the same PMA cross-linking procedure. As a negative control, 500 µL (107 – 108 

CFU/mL) culture of R. leguminosarum strain TA1 which had been heated to 95oC for 10 

min without PMA treatment was used. 
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2.2.4.2 Amplification of the 16S rRNA gene following PMA treatment  

Total DNA from leaves were extracted using the PowerPlant™ DNA isolation kit (MoBio 

Laboratories, Carlsbad, USA) following the manufacturer’s instructions. The V3 

hypervariable region of the 16S rRNA gene of bacteria was amplified using primers 341F 

GC (5’GC clamp-CCT ACG GGA GGC AGC AG 3’) and 518R (5’ ATT ACC GCG GCT 

GCT GG 3’) (Muyzer et al., 1993). PCR was performed using thermal cycler (Applied 

Biosystem Veriti, Thermofisher Scientific Inc., USA) in a 25 µL volume containing 1× 

buffer, 0.2 mM deoxynucleotide triphosphates (dNTPs), 1.5 mM MgCl2, 0.4 µM of each 

forward and reverse primers (IDT, Intergrated DNA Technologies Inc.) and 1 U Taq DNA 

polymerase (Roche, Roche Custom Biotech, Switzerland). One µL each of i) DNA from 

surface sterilised leaves with PMA treatment, ii) dead R. leguminosarum strain TA1 with 

PMA treatment, and iii) dead R. leguminosarum strain TA1 culture without PMA treatment 

was used as a template. PCR was done by an initial denaturation at 95oC for 3 min, 

followed by 35 cycles of denaturation at 94oC for 1 min, annealing at 55oC for 1 min, 

extension at 72oC for 1 min, with final extension at 72oC for 7 min.  

A 5 μL aliquot of PCR product was separated by electrophoresis at 10 V/cm in a 1% 

agarose gel in 1 × TAE (40 mM Tris, 20 mM acetic acid, 1 mM NaEDTA; pH 8.0) 

alongside the 1Kb plus DNA Ladder (InvitrogenTM, Thermo Fisher Scientific Inc., USA). 

Gels were stained in ethidium bromide solution (0.5 μg mL-1, 0.5 × TAE) for 15 min, 

destained with water then visualised under ultra-violet light with a UVIreader (UVItec Ltd, 

Cambridge, UK). 

 

2.2.5 Investigation of endomicrobiome structure using DGGE 

Surface sterilized plant tissues were treated with PMA before DNA extraction as described 

in Section 2.2.4.1. Stems and roots were crushed and ground to a fine powder with liquid 

nitrogen prior to DNA extraction. Total DNA was extracted using the PowerPlant™ DNA 

isolation kit following the manufacturer’s instructions.  

The V3 hypervariable region of the 16S rRNA gene from the total bacterial community 

was amplified as described in Section 2.2.4.2. Group specific bacterial communities, 

including the Alphaproteobacteria (F203 - L1401 and 341F GC - 518R), 

Betaproteobacteria (Beta359F - Beta682R and 518F GC - Beta682R) and 

Gammaproteobacteria (Gamma395F  - Gamma871R and 518F GC - 785R), were 

amplified using nested PCR as described by Nübel et al. (1996), Gomes et al. (2001) and 

Mühling et al. (2008), respectively, with a slight modification for the first PCR of 
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Alphaproteobacteria. The first PCR of Alphaproteobacteria was done by an initial 

denaturation at 94oC for 5 min, followed by 30 cycles of denaturation at 94oC for 1 min, 

annealing at 56oC for 1 min, extension at 72oC for 2 min, with final extension at 72oC for 

10 min. All of the other group specific bacteria PCRs, including the second PCR of 

Alphaproteobacteria, used the same basic cycle protocol, except for the annealing 

temperature (AT) (Table 2.1) following an initial denaturation step of 4 min at 96 °C PCR, 

30 PCR cycles were performed (96 °C for 60 s, AT for 60 s, 74 °C for 60 s) followed by a 

final extension step at 74 °C for 10 min.  

 

Table 2.1 Summary of group-specific 16S rRNA gene PCR primer and the annealing 
temperatures (AT) used 

Primer Sequence (‘5  3’) AT (oC) † 
F203- CCG CAT ACG CCC TAC GGG GGA AAG ATT TAT 56 

L1401 CGG TGT GTA CAA GAC CC 56 

Beta359F GGG GAA TTT TGG ACA ATG GG 63 

Beta682R GGG GAA TTT TGG ACA ATG GG 63 (1st)/ 60(2nd) 

Gamma395F CMA TGC CGC GTG TGT GAA 54 

Gamma871R ACT CCC CAG GCG GTC DAC TTA 54 

341F GC GC clamp-CCT ACG GGA GGC AGC AG 56 

518F GC GCclamp-CCA GCA GCC GCG GTA AT 60 (β)/ 56(γ) 

518R ATT ACC GCG GCT GCT GG 56  

785R CTA CCA GGG TAT CTA ATC C 56 

† 1st and 2nd indicating annealing temperature for the first and the second PCR of Betaproteobacteria, 
respectively. β and γ indicating annealing temperature for the second PCR of Betaproteobacteria and 
Gammaproteobacteria, respectively 

 

Gel bond (SERVA, Germany) was layered first on the DGGE glass plates before pouring 

the gradient gel. A linear gradient gel contained 10 mL low and 10 mL high gradient of 8% 

(w/v) polyacrylamide gel (acrylamide/bis solution, 37.5:1) i.e. 30 to 65% for total bacteria, 

40 to 60% for Alphaproteobacteria and Gammaproteobacteria, and 40 to 55% for 

Betaproteobacteria (Mühling et al., 2008); 100% denaturant was defined as 7 M urea 

(Sigma-Aldrich, Sigma-Aldrich Co. LLC) and 40% (v/v) formamide (Sigma-Aldrich, Sigma-

Aldrich Co. LLC), were poured to DGGE glass plates. Each gradient solution contained 

0.0012% (v/v) tetramethylethylenediamine (TEMED) and 0.07% (w/v) ammonium 

persulfate (APS) (Biorad, New Zealand) as catalysts for polymerization of acrylamide and 

bis-acrylamide. After 30-40 min of gradient gel polymerization, approximately 2-3 mL of 
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stacking gel solution of 0% denaturant polyacrylamide gel (acrylamide/bis solution, 

37.5:1), 0.002% TEMED and 0.1% APS were poured onto gradient gel placed with DGGE 

gel comb.   

DGGE were performed with a Cipher DGGE Electrophoresis System (CBS Scientific). 

Ten μL of PCR product with 10 μL of loading dye (0.5% bromophenol blue, 0.5% xylene 

cyanol and 70% glycerol in ddH20) were loaded onto the gradient gel. The gels were run 

in 0.5 × TAE buffer for 16 h at 90 V and 60°C for total bacteria. The time was increased to 

18 h and voltage reduced to 60 V for group specific bacteria. To standardise gels, a single 

sample (leaf sample from Island Hills Station plant number 1 was added to the first lane of 

every gel as an internal standard. After the running process had finished, the glass plates 

were removed and the gels which were layered on gel bond were placed on gel trays and 

soaked with 200-250 mL of fixative solution (40% ethanol, 2% acetic acid in water) for 3 

min. The gels were stained using 200-250 mL of silver stain solution (0.1% (w/v) silver 

nitrate) for 10 min. The silver stain was decanted and the gels were rinsed using Millipore 

water for 2 min. Gels were developed with 200-250 mL of developer solution (3% (w/v) 

sodium hydroxide and 0.01% (v/v) formaldehyde solution in Millipore water) for 30-40 min. 

The gels were soaked in 200-250 mL fixative solution, rinsed using Millipore water for 2 

min, then soaked in 200-250 mL of Cairns’ preservation solution (25% ethanol, 10% 

glycerol in water) and subsequently in a drying oven at 65oC for 24 h. The gel was 

scanned and the converted file (.jpeg) was used for further analysis of the microbial 

communities. 

 

2.2.6 Statistical analysis  

Analysis of the microbial communities were performed using Phoretix 1D Pro Gel Analysis 

(Totallab, UK). A matrix based on the presence/absence of bands generated from 

Phoretix binary data was analysed using Primer version 7 (Primer-E Ltd, Plymouth Marine 

Laboratory, UK) multivariate software package. Resemblance matrices for community 

profiles were built by calculating similarities between each pair of samples using Jaccard 

coefficient (Clarke & Warwick, 2001). Nonmetric Multidimensional Scaling (MDS) 

ordination were generated to interpret multivariate distance between samples and factors. 

Main and pair-wise PERMANOVA tests were used to test the statistical difference 

between endophytic bacterial communities between samples. One band was considered 

as one bacterial taxa. The number of bands per lane was used as a diversity indicator of 

the bacterial taxa richness. The bacterial richness was analysed with a general linear 
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model (GLM) to determine the significance of factors and followed by Fisher’s ad-hoc 

analysis at P<0.05 using Minitab 17 (Lead Technologies, Australia).  

 

2.3 Results 

2.3.1 Plant identification using ETS region 

All random leaf samples (including samples were taken for the Section 2) were amplified 

with the ETS primer and produced a single band of approximately 460 bp. The sequence 

of the ~460 bp ETS region showed that all of the plants belonged to L. scoparium var. 

scoparium with similarities between 99-100% based on NCBI database (Figure 2.1) 

 
Figure 2.1 Phylogenetic relationships based on external transcribed spacer genes of 
Leptospermum scoparium and closely and outgroup related sequences, based on a 
distance analysis (neighbour-joining algorithm) 1000 bootstrap replicates performed. 

 

2.3.2 Use of PMA to eliminate surface DNA for PCR 

To confine the study to endophytes, microorganisms on the surface of plant tissues must 

be eliminated and their DNA excluded from PCR amplification. No colonies were evident 
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on agar plates containing either wash water or random leaf, stem and root prints (n=180 

plant tissue segments) indicating that the surface sterilization method was effective. PCR 

using primers 341F GC and 518R of DNA extracted from leaves produced an expected 

PCR product of approximately 200 bp (Figure 2.2). The positive control, amplification of 

dead R. leguminosarum strain TA1 that had been treated with PMA did not produce any 

bands, whereas, the negative control of dead R. leguminosarum strain TA1 without PMA 

treatment produced a band of approximately 200 bp. This indicated that PMA treatment 

was successful at excluding DNA from dead bacteria from PCR (Figure 2.2) 

 

Figure 2.2 PCR products (~200 bp) amplified using primer pair 341F GC and 518R of 
DNA extracted from Leptospermum scoparium leaves from Island Hill Station and treated 
with propidium monoazide (PMA) and separated on 1% agarose gel. M: 1 kb plus DNA 
ladder (Invitrogen); 1-9: leaf from nine different plants; 10: dead Rhizobium 
leguminosarum strain TA1 with PMA treatment; 11: dead R. leguminosarum strain TA1 
without PMA treatment. 

 

2.3.3 Investigation of endomicrobiome structure using DGGE 

2.3.3.1 Total bacteria 

All factors and their interactions influenced total bacterial communities generated using 

universal bacterial primers (PERMANOVA, P≤0.005, Table 2.2). Leaves, stems and roots 

formed discrete clusters independent of geographic origin (Figure 2.3a). Bacterial 

communities from mature plants were similar and grouped together, whereas, those from 

immature plants were diverse, despite common plant tissues (Figure 2.3b-d). Bacterial 

taxa were richer in leaves compared to other tissues (P=0.001) (Table 2.3). Richness 

decreased in tissues from leaf>stem>root across all sites. Plant location (P=0.320) and 

maturity (P=0.599) did not influence total bacterial richness (Table 2.3). Eleven of the 

DGGE bands were found in ≥90% of the total samples. 
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In this study, dominant bands were sequenced, reamplified with the same primers, and 

sequenced. Several bands for PCR products generated using primers for total bacteria 

were assign to chloroplast DNA across samples with different tissue types and location 

(Appendices A.1 and A.3). These bands were common to all tissues and, therefore, had 

little influence on community structure between sites in our samples. This study 

investigated community structure and richness further using group specific PCR (eg. 

Gammaproteobacteria) which largely eliminated amplification of chloroplast DNA. 

Sequencing results from bands excised from these gels conformed to the targeted taxa 

(Appendices A.2 and A.3). 
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Table 2.2 Effect of plant location, plant maturity and plant tissue on the similarity of the endophytic bacterial community of Leptospermum 
scoparium identified using DGGE 

 

 

 

 

 

 
†Asterisks denote levels of statistical significance of bacterial communities similarity based on PERMANOVA. *: significantly different (P≤0.05), **: highly significantly 
different (P≤0.005) 

 

Table 2.3 Effect of plant location, plant maturity and plant tissue on the endophytic bacterial community richness of Leptospermum 
scoparium identified using DGGE 

¥Asterisks denote levels of statistical significance of bacterial richness based on LSD. *: significantly different (P≤0.05), **: highly significantly different (P≤0.005)  

Treatment 
†Bacterial communities similarity 

Total bacteria Alphaproteobacteria Betaproteobacteria Gammaproteobacteria 
location 0.002** 0.170 0.594    0.001** 
maturity 0.001**    0.002** 0.103 0.141 
plant tissue 0.001**    0.001**     0.001**    0.001** 
location vs maturity 0.001** 0.141 0.290 0.051 
location vs plant tissue 0.001** 0.112   0.033*    0.001** 
maturity vs plant tissue 0.001**   0.006*     0.001**    0.001** 
location vs maturity vs plant tissue 0.001** 0.095 0.084 0.011* 

Treatment 
¥Bacterial richness 

Total bacteria Alphaproteobacteria Betaproteobacteria Gammaproteobacteria 
location 0.320 0.107 0.784 0.709 
maturity 0.599   0.039* 0.202 0.222 

plant tissue    0.001** 0.007* 0.076     0.001** 

location vs maturity 0.599 0.232 0.896 0.602 
location vs plant tissue   0.402 0.313   0.044* 0.092 
maturity vs plant tissue 0.492 0.485 0.815   0.013* 
location vs maturity vs plant tissue 0.230 0.795 0.196 0.343 
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Figure 2.3 Nonmetric multidimensional scaling (MDS) plots showing total bacterial communities from (a) different plant tissue and different 
plant maturities for (b) leaf (c) stem and (d) root tissue of Leptospermum scoparium. Leaf: ; Stem: ; Root: ; Mature plant: ; Immature 
plant: .
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2.3.3.4 Gammaproteobacteria 

Plant tissue, plant location and their interactions with other factors (location vs plant 

tissue, maturity vs plant tissue, location vs plant tissue vs maturity) influenced 

Gammaproteobacterial communities (PERMANOVA, P≤0.05) (Table 2.2). The 

communities from leaves clustered separately from those from stem and root samples 

(Figure 2.6a). Communities from the leaves of mature plants were distinct from those from 

immature plant (Figure 2.6b). Stem communities were similar between the Travis Wetland 

and West Coast samples and distinct from Island Hills Station, whereas, root samples 

each formed a cluster based on plant location (Figure 2.6c-d). Communities from leaves 

were richer than other tissues (LSD, P=0.001) (Table 2.3). The interaction between plant 

maturity and plant tissue influenced richness with the communities from leaves and stems 

from mature plants more rich than those from roots from mature plant, whereas, 

communities from leaves from immature plants were the most rich compared to those 

from stems and roots from immature plant (LSD, P=0.013) (Table 2.3). Two of the DGGE 

bands were found in ≥90% of the total samples. 
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Figure 2.6 Nonmetric multidimensional scaling (MDS) plots showing Gammaproteobacterial communities from (a) different plant tissue, (b) 
different plant maturities for leaf tissue, different plant location for (c) stem and (d) root tissue of Leptospermum scoparium. Leaf: ; Stem: 
; Root: ; Mature plant: ; Immature plant: ; Island Hills Station (IHS): ; Travis Wetland (TWL): ; and West Coast (WC): . 
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Section 2: Deep sequencing of the endomicrobiome to reveal 
core and accessory communities 

 

2.4 Materials and Methods 

2.4.1 Plant sampling 

A second sampling was done between August 2014 and January 2015 from an additional 

eight sites across New Zealand (Figure 2.7). At least three mature plants were sampled 

from each site except from the Taihape Scenic Reserve (n=2). Plant sampling and storage 

were done as described in Section 2.2.1. Samples from Section 1 were included in this 

study making a total of 11 sampling sites. Site and sample details are found in Appendix 

A.4. 

 

Figure 2.7 New Zealand map indicating the location of the eleven sampling sites sampled 
for Leptospermum scoparium. 1. Travis Wetland, 2. Kaituna Valley Scenic Reserve, 3. 
Craigeburn Forest Park, 4. Island Hill Station, 5. West Coast, 6. Nelson Lakes National 
Park, 7. Aoraki/Mt. Cook National Park, 8. Mount Aspiring National Park, 9. Taihape 
Scenic Reserve, 10. Tongariro National Park, and 11. Kaimanawa Forest Park 
(http://www.worldatlas.com). 
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2.4.2 DNA extraction 

Surface microorganisms and residual DNA were removed by surface sterilisation and 

propidium monoazide (PMA) treatment as described in Section 2.2.4.1. Due to the higher 

yield and quality of genomic DNA required for Illumina MiSeq (New Zealand Genomics 

Limited, pers. comm., 2015), total DNA was extracted using the protocol described by 

Allen et al. (2006) modified by eliminating the RNA removal step. DNA quality and yield 

was determined using the Nanodrop 2000 UV-Vis spectrophotometer (Thermo Fisher 

Scientific Inc., New Zealand) and Qubit DNA ds BR assay system (Thermo Fisher 

Scientific Inc., New Zealand), respectively, following the manufacturer’s instructions.  

For Illumina MiSeq sequencing, a composite DNA sample from the same plant tissue from 

multiple plants at each site were prepared by mixing individual extracted DNA samples 

together in equal quantities based on the DNA concentrations measured by the Qubit 

DNA ds BR assay system (Appendix A.5). The composite DNA sample for each plant 

tissue from each site was concentrated using ethanol precipitation as described by Wilson 

(1987) to a minimum of 10 ng/µL. 

 

2.4.3 Investigation of endomicrobiome structure using Illumina MiSeq 
metabarcoding 

The taxonomic composition of communities of endophytic bacteria was produced by 

amplicon sequencing of total bacteria libraries using the Illumina MiSeq platform (New 

Zealand Genomics Limited, Palmerston North). The hypervariable V3-V4 region of the 

16S rRNA gene from bacterial endophytes was amplified according to the protocol 

described by Klindworth et al. (2012) using primers 341F (5′-CCT ACG GGN GGC WGC 

AG-3′) and 805R (5′-GAC TAC HVG GGT ATC TAA TCC-3′) as recommended by NZGL 

Ltd. These primers had been extended to include Illumina cell flow adaptors and a unique 

barcode to identify sample libraries. Details of the primers used are included in Appendix 

A.6. The PCR mixture contained 12.5 µL 2× KAPA HiFi HotStart ReadyMix (Kapa 

Biosystem, South Africa), 5 µL each of forward and reverse primer (1 mM), and 2.5 µL 

genomic DNA (5 ng/ µL). Triplicate PCRs per sample were pooled and the resulting 

amplimers purified using the Agencourt AMPure XP-PCR purification (Beckmen Coulter, 

New Zealand). Libraries were quantified using the Qubit DNA ds BR assay system 

(Thermo Fisher Scientific, USA) and Agilent Technologies 2100 Bioanalyser (Agilent 

Technologies, Australia). Amplicon sequencing using Illumina MiSeq v2 (250 bp paired 

end) was conducted by New Zealand Genomic Limited, Palmerston North, New Zealand. 
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Raw sequencing data was mapped against the PhiX genome, a bacteriophage genome 

that is used as a control for Illumina sequencing runs, using Bowtie2. Any matching PhiX 

sequences were removed from the Sequence Alignment/Map (SAM) file and the fastq 

files were reconstructed using the SamToFastq.jar program from the Picard suite 

(http://broadinstitute.github.io/picard/). Adaptors were removed using the “fastq-mcf” 

program version 1.1.2-621 from the ea-utils suite of tools (http://code.google.com/p/ea-

utils). Paired end reads were joined, and quality and length filtered (Phred score ≥ 15 and 

400-420 bp). Chimeric sequences were discarded based on RDP Gold 

(http://drive5.com/uchime/rdp_gold.fa), a reference database of trusted chimera-free 

reference sequences which contains 10,049 reference sequences, using the script 

provided by USEARCH 8.1 (Edgar et al., 2011) on the open source software package 

QIIME 1.8.0 (http://qiime.org). Reads were clustered to operational taxonomy units 

(OTUs) based on the UCLUST algorithm using default parameters at 97% similarity 

(Edgar, 2010) followed by taxonomic assignment of representative sequences by RDP 

naive Bayesian rRNA classifier with 80% threshold (Wang et al., 2007) based on the 

reference database Greengenes release gg_13_8_99 (DeSantis et al., 2006). All reads 

assigned to chloroplast and mitochondria were removed prior to further analysis. The 

number of sequences for each sample was normalized to the lowest number of read 

counts by randomly selecting subsets of sequences using a script provided as part of the 

QIIME 1.8.0 software (Caporaso et al., 2010) 

In order to determine alpha diversity, the observed OTUs number were used to estimate 

bacterial richness and the Simpson index was used to determine bacterial diversity using 

the QIIME 1.8.0 software. Taxonomy summary bar plots were visualised using R (R Core 

Team, 2015) through the Rstudio IDE (using http://www.rstudio.com/) with the R 

packages phyloseq (McMurdie et al., 2013) and ggplot2 (Wickham, 2009). Principal 

Coordinate Analysis (PCoA) was performed to assess the beta diversity based on the 

calculation of the weighted normalized UniFrac distance matrix (Lozupone & Knight, 

2005) using Primer version 7. All scripts for amplicon sequencing analysis are listed in 

Appendix A.7. 

To investigate whether a core endomicrobiome was present in L. scoparium the 

compute_core_microbiome function on QIIME (version 1.8.0) was used to filter OTUs that 

were always found in ≥90% of samples in the non-rarefied data set. A tissue specific 

bacterial endomicrobiome was also defined which contained OTUs found in ≥90% of each 

plant tissue on the non-rarefied data set. 
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2.4.4 Functional prediction of endophytic bacteria using PICRUSt  

To investigate putative functional properties of the endomicrobiome, Phylogenetic 

Investigation of Communities by Reconstruction of Unobserved States (PICRUSt; 

http://picrust.github.com) (Langille et al., 2013) was used. PICRUSt is a tool that predicts 

the gene content of a microbial community using the 16S rRNA as a gene marker and an 

existing database of microbial genomes (Langille et al., 2013). For each of the 16S rRNA 

genes, PICRUSt attempts to retrieve the last phylogenetic common ancestor with known 

sequenced genome(s) and predict the functional gene content of the unknown genome 

represented by the 16S rRNA marker gene (Langille et al., 2013). The abundances of 

different 16S rRNA genes were normalized based on the known gene copy number for 

that OTU before function prediction analysis using PICRUSTs. The relative abundance of 

the predicted functional genes was analysed using ANOVA to determine the significance 

of plant tissue type factors (leaf vs stem vs root tissue communities) and followed by 

Fisher’s ad-hoc analysis at P<0.05 using Minitab 17 (Lead Technologies, Australia).  

 

2.5 Results 

2.5.1 Endomicrobiome structure using Illumina MiSeq metabarcoding 

Quality filtering and detection of chloroplast and mitochondria DNA removed 

approximately 96.4% of total reads (n=2,461,777) (Appendix A.8). A total of 91,342 reads 

remained with an average of 2767 reads per sample (min=448, max=10,452). An average 

of 1808, 2362 and 4134 reads were obtained from each leaf (min=448, max=9268), stem 

(min=793, max=5038) and root (min=767, max=10,452) samples, respectively. Reads 

were clustered into 560 OTUs with an average of 16, 23 and 76 OTUs obtained from leaf, 

stem and root samples, respectively. Different plant tissues shared several OTUs (Figure 

2.8). From non-rarefied data, 69.7% of total leaf OTU and 63.1% of stem OTU were also 

found in root tissue (Figure 2.8) 
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Figure 2.11 Principal coordinate plot showing similarity between endophytic bacterial 
communities in different plant tissues of Leptospermum scoparium. Leaf: ; Stem: ; 
Root: . Bacterial read numbers per sample was rarefied to 448 (as the smallest number 
of reads). 

 

2.5.2 Functional prediction of endophytic bacteria using PICRUSt  

PICRUSt was used to predict function of endophytic bacteria in L. scoparium. The results 

showed that 41 level 2 KEGG Orthology groups were represented within the dataset. 

Comparison of predicted functional genes within each plant tissue showed that eight gene 

families were present and statistically different (LSD, P<0.05, Figure 2.12) between 

tissues. Roots had a higher abundance of genes related to carbohydrate metabolism 

compared to leaves, whereas, genes involved in amino acid metabolism showed the 

opposite relationship with higher abundance in leaves (Figure 2.12). Several other genes 

associated with signal transduction, endocrine systems, cell growth and death, 

unclassified metabolism, cell processing/signalling and poorly characterised functions 

were significantly different between plant tissue (P<0.05, Figure 2.12). As L. scoparium is 

recognised for antimicrobial properties a particular attention was placed on genes with 

functions related to antibiotic or secondary metabolite production. PICRUSt analysis 

showed that 2 and 0.7% of the gene total relative abundance were associated with 

metabolism of terpenoids and polyketides and biosynthesis of other secondary 

metabolites, respectively (Figure 2.12).  
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Figure 2.12 Predicted functions (level 2 KEGG orthology group) of the endophytic 
bacterial communities in different plant tissue of Leptospermum scoparium. Asterix 
indicates gene categories that are significantly different (LSD P<0.05) between different 
tissue type (leaf , stem  and root ). 
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2.6 Discussion 

International research has demonstrated that plants are metaorganisms and that the 

microorganisms inhabiting them can play important roles in their physiology and ecology. 

This is the first study to characterise the structure and diversity of the bacterial endophyte 

communities in a New Zealand native plant. In this work molecular tools were used to 

characterise the complete (culturable and unculturable) population of bacteria inhabiting 

L. scoparium.  

Techniques that use PCR to amplify endophyte DNA can be compromised by the 

presence of residual DNA from dead organisms (Trivedi et al., 2009; Soto-Muñoz et al., 

2015). Several authors have demonstrated that naked DNA adhering to the surface of a 

tissue can be amplified during PCR and thereby cause the overestimation of taxa and 

frequencies in environmental samples (Josephson et al., 1993; Artz et al., 2006; Soto-

Muñoz et al., 2015;). Restriction to endophytic bacteria in this study was improved 

through a combination of surface sterilisation to eliminate microorganisms from the plant 

tissue surface and chemical treatment to exclude surface DNA from PCR amplification. 

This chapter describes the successful application of the chemical propidium monoazide 

(PMA) to plant tissue for light dependent crosslinking of exposed DNA (Nocker et al., 

2007). PMA has been used previously to exclude DNA from non-viable microbial 

pathogens such as Legionella pneumophila and Listeria monocytogenes from PCR (Pan 

& Breidt, 2007; Yáñez et al., 2011). A recent study by Carini et al. (2016) demonstrated 

that relic DNA (DNA from dead cells) affects the observed richness and composition of 

microbial communities leading to inaccurate observations. The authors suggested that by 

removing relic DNA prior to investigating relationships, researchers may describe more 

accurate associations between microorganisms and environmental conditions.  

Most endophyte studies rely solely on surface sterilization (Lodewyckx et al., 2002; 

Emiliani et al., 2014; Müller et al., 2015a), thus, using PMA in this study improved the 

process by minimizing amplification of surface bacteria. Although easy to use, using a 

liquid culture of R. leguminosarum in the pilot experiment to test the efficacy of PMA may 

not truly replicate effects on the complex community found on the plant surface. 

Therefore, the PMA treatment in this study can be considered to substantially enrich for 

endophyte DNA although there may still be small elements of surface contaminants 

present. By incorporating PMA into molecular approaches in this study, the community 

compositions revealed in the DGGE and deep sequencing data are representative of 

endophytic organisms.  
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Based on DGGE, tissue type was a main factor influencing the composition and richness 

of endophytic bacteria in L. scoparium. Although the number of sites used was restricted 

to three (Island Hill Station, Travis Wetland and West Coast) a clustering based on tissue 

type was observed. This study confirmed previous work that tissue type is a main factor 

influencing endophyte composition and richness in other plants (Sessitsch et al., 2002). 

Similar results for bacteria were also observed by da Silva et al. (2013) in Lippia sidoides 

Cham (Verbenacea), an aromatic and medicinal plant species and by Jin et al. (2014) for 

leaf and stem tissue of Stellera chamaejasme L. (Thymelaeaceae), a medicinal plant that 

has a wide geographical range.  

Plant maturity were the second most important factor affecting the structure and richness 

of the endomicrobiome based on DGGE. This study has demonstrated a common 

bacterial endomicrobiome in mature plant tissues and shown that these communities 

became more stable and uniform as the plant matures. Several studies have shown that 

microbial diversity and richness change during plant development. For example, Ikenaga 

et al. (2004) observed that the methanogenic archaeal communities in nodal roots of rice 

changed with early growth stages and Williams et al. (2013) observed microbial 

succession in phyllosphere bacteria composition on lettuce between plant maturity 

stages. Changes in the microbial community and richness may be linked with essential oil 

chemistry in L. scoparium during plant growth. Porter et al. (1998) demonstrated that the 

level of sesquiterpene and monoterpene (two of major essential oil components) differed 

between young (<2 years old) and mature plants. Studies by da Silva et al. (2013) 

observed that bacterial groups were influenced by the essential oil (thymol and/or 

carvacrol) composition in the leaves of L. sidoides Cham and suggested that the 

presence of antimicrobial essential oils placed a high selection pressure on the endophyte 

community which might also have occurred in L. scoparium. 

Plant location was the factor with the least influence compared to the other factors. The 

Gammaproteobacteria were the class most affected by location indicating that members 

of the Gammaproteobacteria may form an accessory microbiome that is environment 

specific. Plant location comprises a complex range of environmental and abiotic factors 

that can affect microbial community structure both in the rhizosphere and within plants 

(Sessitch et al., 2002; Costa et al., 2006; Rasche et al., 2006). The bacterial community at 

Island Hill Station differed compared to other sites. Island Hill Station is considered 

marginal land with low fertility soils and thus, it might be expected to have a different 

Gammaproteobacterial community when compared to more fertile sites such as the Travis 

Wetland or West Coast site. Variations in the essential oil composition within L. scoparium 

at different locations have been observed and at least ten different chemotypes are 
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recognised (Douglas et al., 2004). Although genetic variation between plants, plant 

hormones and nutrient levels in the soil can influence essential oil yield and composition, 

international research has also implicated a key role of the endomicrobiome in modifying 

metabolites and secondary compounds such as essential oils (Sangwan et al., 2001; 

Tiwari et al., 2010; Das et al., 2012). No studies have examined the role of endophytic 

bacteria on essential oil composition in L. scoparium, however, the variable communities 

of Gammaproteobacteria at different locations may indicate that this group contributes to 

variations in the essential oil composition. 

Evidence of a core endophytic bacterial community in L. scoparium was revealed by 

DGGE. For all three L. scoparium tissue types there was some overlap in bacterial taxa 

(DGGE bands that were always found in ≥90% of total samples). Thus, this study has 

contributed to evidence that different plant organs can share some microbial taxa, 

defining a core community independent of plant location or maturity. Evidence for a core 

endomicrobiome has also been shown from previous studies on other plants such as Zea 

mays and Arabidopsis thaliana (Johnston-Monje & Raizada, 2011; Bodenhausen et al., 

2013).  

As a first approach to explore factors affecting the structure of endophytic bacteria 

communities DGGE has advantages and disadvantages. DGGE can minimize costs and 

provide a global view of microbial community prior to more in depth molecular techniques 

such as, metabarcoding using deep sequencing (Cleary et al., 2012). However, several 

authors have suggested problems with DGGE. For instance, DGGE is likely to detect only 

a part of the total diversity from samples as most of the DGGE bands will be composed of 

the more abundant species. This problem can be minimized by using taxa specific PCR-

DGGE (Mühling et al., 2008) as was used in the current study. Furthermore, one DGGE 

band can represent multiple species and one species may be represented by multiple 

bands (Nübel et al., 1997; Dowd et al., 2008). This may lead to misinterpretation of the 

community profiles.  

Metabarcoding with Illumina Miseq provides a deeper investigation of the microbiome 

community structure by detecting more species with greater accuracy compared to DGGE 

(Yu et al., 2015; Qin et al., 2016). DGGE results showed that the endophytic bacterial 

community from mature plants was less variable compared to immature plants, thus, only 

samples from mature plants were analysed using Illumina MiSeq. Evidence of a core 

endomicrobe had been suggested using DGGE but this was with a small number of 

locations (n=3). Therefore, a higher number (n=11) of locations across New Zealand was 

analysed to validate preliminary evidence of a core endomicrobiome in L. scoparium 
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using Illumna MiSeq. Furthermore, Illumina MiSeq which uses up to 600 bp amplicon 

length (400 bp in this study), provides microbial community data with high taxonomic 

resolution, from phylum to genus level (Wang et al., 2007; Hong et al., 2015). Therefore, 

Illumina MiSeq was used in this study to characterize the endophytic bacterial community 

in L. scoparium in greater depth. Although a higher number of locations were analysed, 

this study cannot demonstrate internal variability between endophytic bacterial 

communities from different plant location as plant samples from one location were pooled. 

Thus, a further study is needed and should use replicates from one sampling site to give 

more meaningful information such as variations between location and location-specific 

bacterial communities. 

Illumina MiSeq confirmed that tissue type affected the endophytic bacterial community 

composition, diversity and richness in L. scoparium. Based on Illumina MiSeq, many of 

the leaf (69.7%) and stem (63.1%) OTUs were also found in root tissue suggesting that 

the root is a primary reservoir of the L. scoparium endomicrobiome. It has been 

suggested that most of endophytic bacteria originate from the rhizosphere soil with some 

of these able to migrate to different locations within the plant (Compant et al., 2010). 

However, only few can pass through the different cell types to also colonize above ground 

parts of the plant (Hallmann, 2001). This might explain a higher subset of unshared OTUs 

in root compared to other tissue. Leaf and stem samples also had unshared OTUs which 

indicated a secondary source of endophytic bacteria in L. scoparium. Natural openings 

(stomata, hydathode and lenticels) and/or wounds caused by biotic or abiotic factors 

(such as pathogen or hail/wind damage) might allow phyllosphere bacteria to penetrate 

leaves and stem tissue (Hallmann, 2001). This coupled with the production of 

antimicrobial essential oils in the foliar tissue, might explain some of the OTUs exclusively 

being found in those tissues. 

Illumina MiSeq revealed that the Gammaproteobacteria class, especially the genus 

Pseudomonas, comprised more than 96% of the total reads and were the most abundant 

group in the L. scoparium endomicrobiome. The Gammaproteobacteria are known 

endophytes of other plants (Germaine et al., 2004; Ryan et al., 2008) as well as being 

producers of a diverse range of secondary metabolic products such as antimicrobials, 

antivirals, anticancer and volatile organic compounds (Miller et al., 1998; Mavrodi et al., 

2001; Giddens et al., 2002; Matsuda et al., 2003; Fernando et al., 2005; Sato et al., 

2012). It has also been shown to be one of the most abundance classes in several 

medicinal plants such as Salicornia europaea L. (a traditional Chinese folk medicine a 

source of ascorbic and diuretic drugs), S. chamaejasme L. (an important pharmacological 
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plant resource from China) and L. angustifolia (Emiliani et al., 2014; Jin et al., 2014; Zhao 

et al., 2016). 

Illumina MiSeq revealed a core endomicrobiome specific to tissue type and also a core 

endomicrobiome independent of tissue type and location in L. scoparium. All core OTUs 

in leaf and stem samples were also found in root tissue strengthening the hypothesis that 

the root is a primary reservoir of L. scoparium endomicrobiome. One OTU belonging to 

the genus Pseudomonas (Gammaproteobacteria) was defined as a member of the L. 

scoparium core endomicrobiome being independent to tissue type and location. A study 

by Germaine et al. (2004) demonstrated that Pseudomonas strain colonized all parts of 

poplar trees (leaf, stem and root). Previous study also have shown that this genus is 

ubiquitous and found distributed in other plants such as Arabidopsis thaliana (a popular 

model organism in plant biology), Brasicca oleracea (vegetables that are consumed in 

large quantities across the globe), Olea europaea L. (one of the most important oil crops 

world-wide) and Cannabis spp (a native central plant of Asia and the Indian continent with 

medicinal properties) as a part of their core endomicrobiome (Barret et al., 2005; 

Bodenhausen et al., 2013; Winston et al., 2014; Müller et al., 2015a). However, compared 

to those studies the number of OTUs defined as the core endomicrobiome in this study 

was small (1 OTU vs 5 OTUs in O. europaea L. vs 6 OTUs in B. oleracea vs 21 OTUs in 

A. thaliana). This is most likely due to the small number of reads obtained in this study 

compared to others (Barret et al., 2005; Bodenhausen et al., 2013). However, it might 

also be due to the greater number of tissue types assessed in this study (3) compared to 

other studies (2 - leaves and roots in A. thaliana and 1 – leaves in Olea europaea L.). 

Furthermore, leaves and stems of L. scoparium contain antimicrobial compounds (Perry 

et al., 1997; Lis-Balchin et al., 2000; Douglas et al., 2004) that might act as a stringent 

selection factor limiting the microbes that are able to colonize all L. scoparium tissue. 

Although generally both molecular tools agreed on the main influences on endophyte 

composition some differences were observed between the two approaches (DGGE vs 

Illumna MiSeq) regarding endophytic bacteria richness. In this study, the greater 

resolution of Illumina MiSeq revealed one order of magnitude more OTUs compared to 

DGGE (560 OTUs vs 80 OTUs). In fact, the number of OTUs in this study was of the 

same order of magnitude as other studies of medicinal plants using Illumina MiSeq such 

as Cannabis spp (690 OTUs) and Aloe vera (268 OTUs) (Winston et al., 2014; Akinsanya 

et al., 2015). As previously described DGGE is considered to detect only a small 

subfraction of total community (Mühling et al., 2008) whereas Illumina MiSeq provides a 

greater depth and accuracy (Wang et al., 2007; Hong et al., 2015; Yu et al., 2015). 

Therefore, a higher OTU observed from Illumina MiSeq compared to DGGE was 

https://en.wikipedia.org/wiki/Model_organism
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expected in this study. In addition, differences in sample number, primers and DNA 

extraction methods are also likely to contribute to the different richness determined by the 

two approaches.  

Comparison of endophytic bacteria richness among different plant tissue contrasted 

between the two methods. DGGE of total bacteria showed bacterial richness was greater 

in aboveground tissue (leaf and stem) compared to belowground (root) whereas Illumina 

Miseq showed the opposite. Although a well-recognized and widely used technique 

several limitations are attributed to DGGE when assessing community diversity, including 

the inability to detect minor components of the microbial community (Mühling et al., 2008), 

co-migration of DNA molecules with different sequences and the potential to produce 

multiple bands from a single bacterial species (Muyzer et al., 1993; Nübel et al., 1997; 

Dowd et al., 2008). This technique also uses a relatively smaller amplicon that might 

provides a lower taxonomic resolution compared to Illumina Miseq (Hong et al., 2015).  

These facets may result in an over or under estimate of the community diversity. As a 

result, Illumina MiSeq data is the more robust estimate of bacterial richness in this study. 

Amplification of chloroplast DNA occurred with both sets of primers (DGGE and Illumina 

MiSeq). In this study, a high number of reads (96.4%) from Illumina MiSeq and dominant 

bands from DGGE were assign to chloroplast DNA. DGGE are not able to distinguish 

chloroplast DNA from endophytic bacterial DNA unless all of the bands are sequenced, 

which was not done here. Several studies have shown interference of plant DNA in 

community analysis of endophytic microorganisms (Ikeda et al., 2010; Bulgarelli et al., 

2012; Dorn-In et al., 2015). Thus, using primers that can minimize chloroplast DNA 

amplification is suggested for future studies. Dorn-In et al. (2015) developed a new primer 

combination for PCR-DGGE, Com1/769R and 335F/769R, to minimize amplification of 

DNA of plants, archaea, animal tissue and fungi due to several mismatches to chloroplast 

mitochondria DNA. These primers were validated using samples rich with DNA of plants 

(e.g. feed, spices, cereal), archaea (e.g. sample from biogas digester or ruminal fluid) and 

mitochondria of fungi and/or animals (such as meat products) and may therefore be 

useful for endophytic bacteria analysis in plants. Another study by Yu et al. (2013) using 

DGGE showed the total bacterial primer fM1/rC5 can reduce amplification of chloroplast 

and mitochondrial DNA. These primers might be useful in DGGE to analyse endophytic 

bacterial communities without amplifying non-target DNA. However, those primers need 

more validation before use in metabarcoding i.e. pyrosequencing or Illumina Miseq (Dowd 

et al., 2008; Yu et al., 2015). 
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Apart from being used to determine the endomicrobiome composition, diversity and 

richness, the Illumina MiSeq data was further explored using PICRUSt to provide a 

functional insight of the endophytic bacterial community of L. scoparium. PICRUSt 

analysis also showed that the endophytic bacteria may be able to produce secondary 

metabolites and antibiotic compounds. Several limitations of PICRUSt have been 

described, for instance, it is not possible yet to predict functional genes of eukaryotic 

organisms (Langille et al., 2013; Smith et al., 2014). It also does not reflect variation at the 

strain level and may be biased by its dependency on the hypervariable region or regions 

(i.e. V1-V9) of 16S rRNA sequenced (Jumpstart Consortium Human Microbiome Project 

Data Generation Working Group, 2012; Langille et al., 2013; Smith et al., 2014). However, 

regardless of its limitation, PICRUSt is a cost effective approach to predict functional 

genes. Full analysis could be done using metagenomic sequencing which is more 

expensive but will give more robust data (Langille et al., 2013). 

Comparison of the predicted gene functions using PICRUSt between plant tissues 

showed that the endophytic bacteria in each plant tissue were associated with differences 

in metabolic activity, primarily those associated with carbohydrate and amino acid 

metabolism. For endophytic bacteria derived from the rhizosphere, secreted cell-wall 

degrading enzymes, such as as cellulases and polygalactorunases, are key enzymes to 

penetrate into root cell walls (Lodewyckx et al., 2002; Krause et al., 2006; Compant et al., 

2010) and those for carbohydrate metabolism. Fouts et al. (2008) also showed that many 

genes of Klebsiella pneumoniae 342, a model for endophyte studies due to its efficient 

colonization of plant tissues, were associated with carbohydrate metabolism, including 

cellulosic and aromatic compound degradation. Large amounts of transiently produced 

amino acids, mainly in the form of proteins, are stored in leaves due to rapid translocation 

during leaf senescence, or during germination from storage in cotyledons or endosperm 

(Fischer et al., 1998). These aspects may explain the roots being enriched in bacteria that 

metabolise carbohydrates or the leaves with endophytes enriched in genes for amino acid 

metabolism. 

In summary, this study has described the structure of the endomicrobiome in the New 

Zealand native plant L. scoparium. Results demonstrated that a tissue specific core 

endomicrobiome forms in mature specimens of L. scoparium. The presence of a core 

microbiome suggests it is likely to be important to the physiology of the plant. 

Gammaproteobacterial communities were influenced by location and were abundant 

suggesting this group might play an important role in planta.  
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3 Chapter 3 
Identifying the bioactive potential of cultured endophytic 

bacteria from Leptospermum scoparium  

 

3.1 Introduction 

Endophytic bacteria can have functional traits that support plant growth and productivity. 

For example, inoculation of Pantoea agglomerans, a phosphate solubilizing endophytic 

bacteria, improved growth and induced greater nodulation in peanut (Taurian et al., 2010). 

In addition, Pseudomonas sp. and Stenotrophomonas sp., two auxin producing 

endophytic bacteria, were able to stimulate root development and growth of kidney bean 

(Tsavkelova et al., 2007). Endophytic bacteria occupy a complex habitat (i.e. internal 

living tissues of plants) that is often hostile to microorganisms. Within this ecological niche 

they may also be in close proximity to phytopathogens, and this aspect can also make 

them promising biocontrol agents (Berg et al., 2005a; Ryan et al., 2008). Production of 

antifungal and antibacterial metabolites, volatile inhibitory compound(s) and siderophores 

have been shown to be mechanisms by which endophytic bacteria inhibit disease 

development by plant pathogens (Pusey et al., 2008; Ramesh et al., 2009; Tenorio-

Salgado et al., 2013; Zachow et al., 2015). Thus, endophytic bacteria may promote 

growth and health of Leptospermum scoparium and this might be important in their 

ecology, chemistry and if applied at planting aid establishment of commercially managed 

plantations. 

In vitro functional assays that use agar plates or liquid culture are routinely used for rapid 

screening of bacteria for specific traits. Tricalcium phosphate agar (TCP) has been used 

to screen phosphate solubilizing endophytic bacteria (Kuklinksy-Sobral et al., 2004; Dias 

et al., 2009; Taurian et al., 2010). A medium supplemented with L-tryptophan, as a 

precursor for auxin, is used to screen bacteria for ability to produce auxin (Merzaeva et 

al., 2010). Biocontrol potential can be assessed by dual culture assays with target 

pathogens or using an indicator medium for siderophore production. For example, Berg et 

al. (2002) used a dual culture assay on Waksman agar to characterize the ability of 60 

bacterial strains to inhibit Verticillium dahliae Kleb.  

For L. scoparium, endophytic bacteria might also affect essential oil chemistry and be 

associated with the recognized regional variation of chemotypes. In Chapter 2, PICRUSt 

analysis suggested that endophytic bacteria from L. scoparium may produce secondary 
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metabolites and antibiotic compounds. International studies have demonstrated that 

endophytic bacteria can produce novel metabolites or alter plant metabolites. For 

example, inoculation of Pantoea, Pseudomonas, Acinetobacter have been reported able 

to modify essential oil composition in several medicinal plants such as Vetiveria 

zizanioides (a grass cultivated for essential oils), Ocimum basilicum (a native medicinal 

plant of India) and Atractylodes lancea (a chinese medicinal herb) (Del Giudice et al., 

2008; Singh et al., 2013; Wang et al., 2015). However, there are no studies that have 

examined the effect of bacterial endophytes on essential oil yield and composition in L. 

scoparium.  

This aim of this chapter was to assess a representative collection of cultured bacteria 

from L. scoparium for their in vitro ability to i) solubilize phosphate (P) compounds 

(nutrient mobilisation, ii) secrete the hormone auxin (plant growth promotion), and iii) 

inhibit bacterial or fungal pathogens (biocontrol potential). Research presented in the 

chapter will also examine whether selected members of the cultured bacteria can improve 

growth and/or alter essential oil content.  

 

3.2 Materials and Methods 

3.2.1 Isolation of endophytic bacteria from plant tissues 

Plant tissues from Island Hill Station, Travis Wetland, the West Coast site (described in 

Section 2.2.1) plus two additional sites, Makirikiri and Wairarapa, were surface sterilised 

with ethanol and sodium hypochlorite washes (described in Section 2.2.2). Endophytic 

bacteria were isolated from 12 leaves from three randomly selected branches per plant. 

Each surface sterilised leaf was bisected prior to plating. Four leaf sections were placed 

onto each of six R2A (Difco, Becton, Dickinson, and Company) agar plates per plant. For 

stem and root samples a total of 12 sections, each 1-2 cm in width, from three different 

stems or lateral root were plated onto R2A agar plates. Four sections were plated onto 

each plate giving three plates per tissue (stems or roots) per plant. In total, 36, 108, 72, 

60 and 108 R2A plates were used to isolate endophytic bacteria from Makirikiri (3 plants), 

Island Hill Station (9 plants), Wairarapa (6 plants), Travis Wetland (5 plants) and the West 

Coast (9 plants) sites, respectively. To validate the surface sterilisation, randomly 

selected sterilised plant tissues (± 10% of samples) were pressed onto R2A and potato 

dextrose agar (Difco, Becton Dickinson and Company) for 30 s.  

All plates were incubated at 25oC in the dark and observed for colonies every 2-3 days for 

a period of 4 weeks. From each observation, visible colonies of endophytic bacteria that 
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grew from the cut margin of each tissue were streaked onto Nutrient agar (NA; Oxoid, 

Thermo Fisher Scientific Inc.) and single colonies were subcultured twice to ensure purity. 
The representative bacteria were selected based on differences in colony morphology 

(shape and colour) (Sessitsch et al., 2004).  

For long term preservation, a single colony of each bacterium was taken from a NA Petri 

plate and transferred into 500 µL of nutrient broth (NB; Difco, Becton, Dickinson and 

Company) in a 1.7 mL sterile tube. The cultures were grown on a shaking incubator 

(Labnet, Labnet International Inc.) at 25oC and 200 rpm. After 48 h growth, 500 µL of 50% 

glycerol was added to the broth culture and stored at -80°C. Duplicate tubes were made 

for each bacterium. Before each functionality assay, the bacteria were recovered from -

80oC by taking a loop of bacteria culture from the -80°C stock and subculturing on NA, at 

25oC in the dark for 2 days prior to use in functionality assays. For each assay, each 

bacterium was replicated twice (duplicate plates or tubes). 

 

3.2.2 Bioactivity assays 

3.2.2.1 Ability to solubilize tricalcium phosphate and hydroxyapatite 

The ability to solubilize phosphate compounds was initially determined using agar plates 

containing tricalcium phosphate (TCP) (Frey-Klett et al., 2005) (Appendix B.1). Bacterial 

screening was done by dividing the plate into four equal sized sections with each section 

inoculated using a loop of bacteria taken from a 2 day-culture on NA (described in Section 

3.2.1) resulting in four different bacteria per plate. Plates were incubated at 25oC in the 

dark for 14 days. The ability of bacteria to solubilize TCP was determined by measuring 

the clear zone around the colony. The clear zone (X) and colony (Y) diameters were 

measured in two perpendicular directions using a digital calliper. Subtraction of the 

average clear zone size from the average colony size (X-Y) produced a final value in mm 

that was indicative of the phosphate solubilizing activity. Bacteria were categorized into 

four classes depending on the size of the clear zone i.e. (-): no clear zone, (+): clear zone 

< 5 mm, (++): clear zone 10 mm < x > 5 mm and (+++): clear zone ≥ 10 mm in diameter. 

The phosphate solubilizing agar assay was repeated substituting 0.4% (w/v) TCP with 

0.4% (w/v) hydroxyapatite (HA) in the agar.    
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3.2.2.2 Production of auxin 

Auxin production was determined using Luria Bertani broth containing 5 mM L-tryptophan 

(Sigma-Aldrich, New Zealand; LB+Try) as described by Mishra et al. (2008) (Appendix 

B.1). A loop of each bacterial culture taken from a 2-day old culture on NA (described in 

Section 3.2.1) was inoculated into 1 mL of LB+Try in a 1.7 mL sterile tube and incubated 

in the dark at 25oC for 2 days. The growth medium containing each isolate was 

centrifuged for 5 min at 10,000 × g to remove bacterial cells. A 500 μL cell free culture 

supernatant was mixed with 500 μL Salkowski reagent (Gordon & Weber, 1951) 

(Appendix B.1) then incubated at room temperature for 25 min to stabilize the colour 

change. The ability of bacteria to produce auxin was determined by visually comparing 

pink colour intensity. A medium colour change from pale yellow to pink indicated the 

presence of auxin due to conversion of L-tryptophan to auxin by the bacteria. Bacteria 

were placed into four groups depending on the intensity of the colour change i. e. (-): no 

activity, (+): low activity (faint pink colour), (++): moderate activity (moderate pink colour) 

and (+++): high activity (intense pink colour) (Appendix B.2).      

 

3.2.2.3 Production of siderophores 

Siderophore production was determined using Chrome Azurol S (CAS) agar plates as 

described by Schwyn & Neilands (1987) (Appendix B.1). Inoculation of bacterial isolates 

and clear zone measurement were done as described for phosphate solubilization in 

Section 3.2.2.1 after the plates had been incubated at 25oC in the dark for 3 days.  

 

3.2.2.4 Dual culture assay against two fungal plant pathogens  

The bacteria were tested against the grapevine pathogens Ilyonectria liriodendri WP1C 

and Neofusicoccum luteum ICMP 16678 obtained from the Plant Microbiology Group 

culture collection, Lincoln University. Both pathogens are considered to be very important 

in the grapevine industry and also have a broad host range, infecting many woody 

species (Slippers & Wingfield, 2007; Baskarathevan et al., 2012a; Pathrose et al., 2014). 

Furthermore, Neofusicoccum spp. (Botryosphaeriaceae) commonly colonise L. scoparium 

(MacKenzie et al., 2006) but there is no evidence of pathogenicity. 

 A 6 mm diameter agar disc was taken from the edge of a 7-day old culture of I. liriodendri 

and a 5-day old culture of N. luteum that had been grown on Waksman agar (WA) 

(Appendix B.1) and placed in the centre of a WA plate. Bacterial screening was done by 
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inoculating four different bacteria onto the same agar plate as described in Section 

3.2.2.1. A loop of each bacterial culture was placed at equidistant points around the 

pathogen colony (2.5 cm from the centre of WA agar plate). For a control, an agar disc of 

the pathogen was inoculated onto WA without the bacteria. Antagonistic activity of 

bacteria was determined by measuring an average inhibition zone between bacteria and 

pathogen in two perpendicular directions using a digital calliper and by observing 

pathogen culture morphology after 10 days for I. liriodendri and 7 days for N. luteum at 

25oC in 12 h light/12 h dark. Bacteria were placed into four groups depending on the size 

of the inhibition zone and pathogen culture morphology i.e. (-): no inhibition activity, (+): 

weak activity – fungal colony showing small indent around bacterial colony but mycelial 

growth still to the plate edge, (++): moderate activity – fungal growth up to bacterial colony 

but restricted with inhibition zone < 1 mm, (+++): strong activity – fungal growth restricted 

with inhibition zone > 1 mm (Appendices B.3 and B.4). 

 

3.2.2.5 Dual culture assay against a bacterial plant pathogen 

A dual culture assay was used to determine inhibition toward the bacterium 

Pseudomonas syringae pv. actinidiae (Psa), the causal agent of bacterial canker on 

kiwifruit, one of most economically important fruit crop grown in New Zealand. This 

disease has a huge impact on the kiwifruit industry with only few control options (Moore & 

Loan, 2012; Cameron & Sarojini, 2014). 

Psa culture was obtained from the Bioprotection Research Centre culture collection and 

had been shown to be virulent in kiwifruit (Dr Christine Stark, pers. comm., 2014). A 100 

μL aliquot of 2-day old Psa culture (107 – 108 CFU mL-1) was spread on peptone sucrose 

agar (Scortichini, 1994) (Appendix B.1). Bacterial screening by inoculating four different 

bacteria on the same plate was done as described in Section 3.2.2.1. A 6 mm filter paper 

disc dipped in an overnight culture of each endophytic bacterium grown in NB was placed 

at four equidistant points (four different bacteria) on the plate. Antagonistic activity of 

endophytic bacteria was determined by measuring an average inhibition zone between 

bacteria and Psa in two perpendicular directions using a digital calliper after 3 days at 

25oC in the dark. Bacteria were placed into three groups depending on the antagonistic 

activity i.e. (-): no clear zone, (+): clear zone 0 mm < x < 10 mm and (++): clear zone ≥ 10 

mm in diameter. 

 

 



 69 

3.2.3 Identification of culturable bacteria by sequencing of the 16S rRNA gene 

Between 4 and 10 bacteria that showed the highest activity within each assay were 

identified by sequencing of the 16S rRNA gene. The DNA from each strain was extracted 

using the rapid REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich, New Zealand) 

according to manufacturer’s instructions. Approximately 1,500 bp of the 16S rRNA gene 

was amplified using the primers 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). PCR was performed in a thermal cycler (Applied Bio system Veriti, Life 

Technologies Ltd, New Zealand) in a total volume of 20 µL containing 10 µL REDExtract-

N-Amp PCR Mix, 4 µL ultra-pure water (Life technologies; Thermo Fisher Scientific Inc., 

USA), 0.4 µM of each forward and reverse primer (IDT, Integrated DNA Technologies 

Inc., Australia) and 4 µL DNA template. The PCR-amplified 16S rRNA regions were 

sequenced directly at the Lincoln University Sequencing Facility. The sequences obtained 

were viewed using Chromas Lite 2.1 (Technelysium Pty Ltd, Australia) and manually 

trimmed (length approximately 550-750 bp) using DNAMAN 4.0 (Lynnon Biosoft, Canada) 

to remove ambiguous sequence. The sequences were compared with those of know 

origin using the Basic Local Alignment Search Tool (BLAST) and the GenBank database 

(http://www.ncbi.nlm.nih.gov). The sequences were aligned using CLUSTALW and the 

distance matrices and phylogenetic trees were calculated by neighbour-joining (Saitou & 

Nei, 1987) algorithms in MEGA 6 software (Molecular Evolutionary Genetic Analysis; 

Tamura et al., 2013). All sequences were deposited in the GenBank database under 

accession numbers KT968693-KT968701 and KU500378-KU500413. 

 

3.2.4 Effect of selected endophytic bacteria on growth and essential oil 
composition of L. scoparium in planta 

3.2.4.1 Selection of strains 

The functionality assays in Section 3.2.2 identified bioactive endophytic bacteria for 

deliberate inoculation of L. scoparium seedlings. Five isolates (Pseudomonas sp. M3R43, 

Pseudomonas sp. I1R11P, Rahnella sp. R4R21A, Erwinia sp. T4MS1P and 

Pseudomonas sp. W3R12) were chosen as representative bacteria from the five different 

sites (Table 3.1). All isolates had in vitro abilities to solubilize tricalcium phosphate, 

hydroxyapatite and produce siderophores. Burkholderia sp. W6R12A was able to inhibit 

the fungal pathogens N. luteum and I. liriodendri. Neofusicoccum luteum is a 

botryosphaeriaceous species which are known to commonly colonize L. scoparium but 
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there is no evidence of pathogenicity. Two bacterial consortia were also assessed to 

determine whether greater effects could be derived than from each alone. A West Coast 

consortium consisted of representative bacteria from each functionality assay 

(Pseudomonas sp. W3R12, Burkholderia sp. W6R12A, Pantoea sp. W2MS31, Serratia 

sp. W3R21A and Paenibacillus sp. W9R21). The West Coast site was recognised for the 

high potency (unique mānuka factor, UMF) of the honey produced from the L. scoparium 

genotype that grew there (Dr Jana Monk, pers comm., 2013) whereas Island Hill Station 

site were recognised for the low potency of the honey (Dan Shand, pers. comm., 2013). 

The second consortium was a mixture of all bacteria that had been used in the in vivo 

experiment (Table 3.1). 

 
 
Table 3.1 Origin, identity and bioactivity traits of the bacterial isolates used in the 
glasshouse experiment 

1Leptospermum scoparium plant organ isolate recovered from  
2Phosphate solubilizing (PS) activity were determined using tricalcium phosphate and hydroxyapatite media; 
siderophore producing (SP) activity were determined on Chromo Azurol S; auxin producing (AP) activity were 
determined using Luria Broth with L-trytophan amendment (5 mM); antagonistic against fungal pathogen (AF) 
against N. luteum and I. liriodendri were determined using Waksman agar 
 

3.2.4.2 Glasshouse experiment 

Seeds collected from a single L. scoparium plant from the Travis Wetland heritage and 

restoration site, Christchurch, were sown in potting mix medium composed of 20% 

pumice, 80% composted bark, 2 kg/m3 Osmocote® Standard 3-4 months gradual release 

fertilizer (NPK 16-3.5-10 plus trace elements), 1 kg/m3 agricultural lime, 500 g/m3 

Hydraflo® 2 (granular wetting agent, Scott Australia Pty Ltd, Auckland, New Zealand). 

Treatment Site origin Plant 
organ1   

Trait2 Identity  Accession 
No. 

M3R43A Makirikiri Root PS, SP Pseudomonas sp. KT968693 
I1R11P Island Hill Station Root PS, SP Pseudomonas sp. KT968694 
R4R21A Wairarapa Root PS, SP Rahnella  sp. KT968695 
T4MS1P Travis Wetland Stem PS, SP Erwinia sp. KT968696 
W3R12 West Coast Root PS, SP Pseudomonas sp. KT968697 
W6R12A West Coast Root AF Burkholderia sp. KT968698 

West Coast consortium West Coast     

       W2MS31  Stem PS, SP Pantoea sp. KT968699 
       W3R12  Root PS, SP Pseudomonas sp. KT968697 
       W3R21A  Root PS, SP Serratia sp. KT968700 
       W6R12A  Root AF Burkholderia sp. KT968698 
       W9R21  Root AP Paenibacillus sp. KT968701 
All bacteria consortium All sites Stem & 

Root 
PS, SP, 
AP, AF 
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Seeds were left to germinate for three weeks in a greenhouse at ambient temperature 

and with natural light. After germination, seedlings with a minimum of two leaves were 

transferred to 1.5 L pots filled with soil from a permanent pasture (stoney lismore silt 

loam, pH 5.5, Olsen P 22 mg/L, organic matter 6.7%, total carbon 3.9%, and total nitrogen 

0.39%). 

For inoculation of seedlings each bacterial isolate was grown in a 50 mL tube (Axygen, 

USA) containing 30 mL NB for 48 h on a shaking incubator (200 rpm at 25oC). Bacterial 

cells were harvested by centrifugation at 4000 × g for 10 min in a refrigerated centrifuge. 

The supernatant was discarded and pellets were diluted with phosphate buffered saline 

(PBS) pH 7.2 to adjust bacteria concentration to 107 – 108 CFU/mL based on standard 

growth curve of each bacterium (Appendix B.5). Leptospermum scoparium seedlings 

were inoculated by pouring 10 mL of each bacterial culture in PBS around the basal stem 

of each seedling. The control pots were treated by the same procedure, but applying PBS 

without bacteria. The pots were arranged in a complete randomized design with 10 

replicates per treatment and grown in a glasshouse at ambient temperature, natural light 

and watered as required. The plants were grown for four months from December 2013 

until March 2014.  

 

3.2.4.3 Plant growth and essential oil analysis 

Shoot height was measured from the above-ground stem base (on the soil line) to the top 

leaf using a digital calliper. The number of internodes was measured for each plant. Shoot 

and root portions were weighed after oven drying at 60°C for 2 days.  

The foliar essential oil composition was determined using GC-MS analysis based on a 

modified microscale solvent extraction technique described by (Brophy et al., 1989). 

Three plants were randomly selected from each treatment. Isolate W3R12 was excluded 

from GC-MS analysis as it was similar in bioactivity to other isolates in the West Coast 

bacteria consortium (Pantoea sp. W2MS31 and Serratia sp. W3R21A). Four leaves were 

harvested from each of five branches of each plant, dried, weighed and soaked in 1:1 

ethanol:dichloromethane (1.5 mL) containing the internal standard eicosane at 5 mg/L in a 

2 mL amber GC-MS vials (Restek, USA) at room temperature for 18 to 20 h. Extracts 

were transferred to new 2 mL amber GC-MS vials.  

Analyses were done on a GC-MS QP2010 (Shimadzu Scientific Instruments Inc., Japan), 

using He carrier gas (column inlet pressure 85.9 kPa; flow 1.5 mL/min) and a 30 m x 0.25 
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mm internal diameter Rtx-5MS column (Restek, USA). Extracts were injected (2 µL) using 

the Grob split/splitless technique (splitless time 6 s). The GC-MS oven temperature was 

programmed from 45 to 65oC at 20oC/min, and then to 285oC at 6oC/min. The GC injector, 

MS interface and MS ion source were at 250, 280 and 200oC, respectively. Mass spectral 

data were acquired in total ion chromatogram mode, scanning m/z 42–500 Da.  

GC-MS peaks were identified by comparing their mass spectra and retention times with 

known L. scoparium compounds (Douglas et al., 2004; Killeen et al., 2015) and by using 

MS libraries NIST 11th edition and WILEY 10th edition. Qualitative profiles used 

uncorrected TIC peak areas as % of total TIC peak areas. Quantitative estimates for the 

major components used TIC peak area relative to the peak area of the internal standard 

eicosane (individual response factors not measured) to estimate concentration per dry 

weight of the leaf material (% w/w).  

 

3.2.4.4 Statistical analysis 

Plant growth parameters and major essential oil compounds were analyzed by one-way 

analysis of variance (ANOVA) to determine the significance of treatment effects and 

followed by Fisher’s ad-hoc analysis at P<0.05 using Minitab 17 (Lead Technologies, 

Australia).  

To obtain a better clustering of essential oil composition of each treatment, compounds 

with relative contents below 0.5% were excluded from the statistical analyses. All 

similarity matrices were calculated using the Bray Curtis similarity index on the square-

root transformation of the matrix then analyzed using pairwise comparison based on 

PERMANOVA to investigate the effect of each treatment on essential oil composition. The 

essential oil profiles of plants were clustered using principal coordinate analyses (PCoA). 

All statistical tests were performed using Primer version 7 (Primer-E Ltd, Plymouth Marine 

Laboratory, UK) multivariate software package. 

 

3.3 Results 

3.3.1 Culture collection of endophytic bacteria  

A total of 71, 63, 67, 70 and 59 bacteria were recovered from plant material taken from 

Makirikiri, Island Hills Station, Travis Wetland, Wairarapa and West Coast sites, 

respectively (Appendix B.6). The majority of bacteria (69.7%; n=230) was recovered from 
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roots with fewer recovered from stems (23%; n=76) and leaves (7.3%; n=24). No bacteria 

grew on plates on which sterilised tissues had been pressed demonstrating that surface 

sterilisation had been effective.  

 

3.3.2 Bioactivity of endophytic bacteria  

3.3.2.1 Ability to solubilize P  

The percentage of bacteria able to solubilize TCP varied from 58.7 to 81.4% across sites, 

whereas, 65.1-84.5% of bacteria could solubilize HA across the sites (Table 3.2). Roots 

and stems had a higher proportion of TCP solubilizing bacteria compared to leaves 

(P<0.001; Appendix B.7.1). More bacteria from root tissue could solubilize HA compared 

to stems and roots (P<0.001; Appendix B.7.2). Plant location also influenced the 

proportion of phosphate solubilizing bacteria. The Travis Wetland site had higher 

proportion of bacteria able to solubilize TCP compared to other sites (P<0.001; Appendix 

B.7.3) (Table 3.2). More bacteria from the Travis Wetland sites could solubilize HA 

compared to Island Hills Station (P=0.009; Appendix B.7.4) (Table 3.2).  

 

3.3.2.2 Ability to produce auxin  

In total, 36% (n=121) of the bacteria produced auxin. There was no difference between 

the tissue type (P=0.109; Appendix B.7.5) and location (P=0.344; Appendix B.7.6) (Table 

3.2). Only 1.8% (n=6) showed strong auxin production and all were recovered from plants 

from the West Coast site.  
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Table 3.2 Proportion of bacteria (%) isolated from Leptospermum scoparium that could solubilize tricalcium phosphate (TCP) and 
hydroxyapatite or produce auxin. Plants sampled from five different sites 

 

 

 

 
 

 
Values within the last column for each bioactivity test followed by different letters had significantly different activity responses among the sites at P≤0.05 according to the 
Mann-Whitney test 

 
Table 3.3 Proportion of bacteria (%) isolated from Leptospermum scoparium that produced siderophores or inhibited Ilyonectria lirodendri or 
Neofusicoccum luteum or Pseudomonas syringae pv. actinidiae (Psa). Plants sampled from five different sites 

Values within the last column for each bioactivity test followed by different letter had significantly different activity responses among the sites at P≤0.05 according to the 
Mann-Whitney test.  

 

Origin site  TCP   HA   Auxin production 
- + ++ +++  - + ++ +++  - + ++ +++ 

Makirikiri 28.2 39.4 18.3 14.1 b  15.5 56.3 21.1 7.0 a  66.2 15.5 16.9 1.4a 
Island Hill Station 41.3 46.0 11.1 1.6 b  34.9 57.1 7.9 0.0 c  71.4 23.8 4.8 0.0a 
Wairarapa 32.8 41.8 14.9 10.4 b  29.9 52.2 14.9 3.0 bc  56.7 34.3 6.0 3.0a 
Travis Wetland 18.6 22.9 35.7 22.9 a  30.0 32.9 34.3 2.9 b  58.6 41.4 0.0 0.0a 
West Coast 42.4 23.7 28.8 5.1 b  33.9 45.8 15.3 5.1 ab  64.4 16.9 13.6 5.1a 

Origin site Siderophore production  I. liriodendri N. luteum  Psa 
- + ++ +++  - + ++ +++  - + ++ +++  - + ++ 

Makirikiri 15.5 9.9 31.0 43.7 a  76.1 19.7 4.2 0.0a  84.5 14.1 1.4 0.0 b  100 0 0 b 
Island Hill Station 63.5 9.5 4.8 22.2 c  85.7 6.3 6.3 1.6a  90.5 7.9 0.0 1.6 b  100 0 0 b 
Wairarapa 28.4 17.9 22.4 31.3 b  79.1 14.9 6.0 0.0a  91.0 6.0 3.0 0.0 b  91.5 7.1 1.4 a 
Travis Wetland 38.6 10.0 14.3 37.1 b  85.7 12.9 1.4 0.0a  85.7 11.4 2.9 0.0 b  92.6 5.9 1.5 a 
West Coast 23.7 13.6 32.2 30.5 ab  76.3 20.3 0.0 3.4a  61.0 15.3 5.1 18.6 a  100 0 0 b 
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3.3.2.3 Ability to produce siderophores 

In total, 67% (n=219) of the bacteria produced siderophores. More bacteria from root 

tissue could produce siderophores compared to stems and roots (P<0.001; Appendix 

B.7.7). Plant location influenced the proportion of bacteria producing siderophores. More 

bacteria from the Travis Wetland and West coast sites produced siderophores compared 

to Island Hills Station (P<0.001; Appendix B.7.8) (Table 3.3).  

 

3.3.2.4 Antagonistic activity against two fungal and one bacterial plant pathogens 

In total, 19% (n=64) of isolates inhibited I. liriodendri colony growth. More bacteria from 

root tissue could inhibit I. liriodendri compared to leaves and stems (P=0.001; Appendix 

B.7.9). Only 0.9% of isolates (n=3) strongly inhibited (group +++) growth of I. liriodendri 

and those isolates were all recovered from the roots of plants from the Island Hill Station 

(n=1) and the West Coast (n=2) sites. There was no difference between sites (P=0.466; 

Appendix B.7.10) for number of inhibitory isolates or the magnitude of inhibition (Table 

3.3).  

In total, 17% (n=56) of the isolates inhibited N. luteum colony growth and 5.2% (n=10) 

showed strong inhibition. More bacteria from stems and roots could inhibit N. luteum 

compared to leaves (P=0.028; Appendix B.7.11). None from the leaf could inhibit this 

pathogen. The strongest inhibition (group +++) was demonstrated by isolates recovered 

from root tissue of plants from the West Coast (n=9) and Island Hill Station (n=1) sites. 

The West Coast site had more antagonistic isolates compared to other sites (P<0.001; 

Appendix B.7.12) (Table 3.3). Island Hill Station site (90.5%; n=57) had the highest 

percentage of isolates that did not inhibit pathogen growth.  

Dual culture against Psa showed 3.3% (n=11) of the isolates inhibited Psa by producing 

clear zones with range 2.8 – 17 mm. Those isolates were recovered only from the Travis 

Wetland (n=5) and Wairarapa sites (n=6) with eight recovered from root tissue. There was 

no difference between tissue types (P=0.627; Appendix B.7.13) for number of inhibitory 

isolates or the magnitude of inhibition. The Wairarapa and Travis Wetland site had more 

antagonistic isolates compared to other sites (P=0.003; Appendix B.7.14) (Table 3.3). 
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3.3.3 Identification of culturable bacteria by sequencing the 16S rRNA gene  

There were four families of bacteria (Pseudomonaceae, Burkholderiaceae, 

Enterobacteriaceae, and Paenibacillaceae) with highest bioactivity in vitro (Figure 3.1). 

Gammaproteobacteria (Pseudomonaceae and Enterobacteriaceae) comprised the 

majority (89%) of representative cultivated bacteria that had high bioactivity. All of the 

bacteria that could solubilize inorganic P (both on TCP and HA) and produce 

siderophores belonged to the Pseudomonaceae and Enterobacteriaceae (Figure 3.1). 

Most of the bacteria (70%; n=7) that were antagonistic to the fungal pathogens belonged 

to the Pseudomonaceae, excepts isolate W6R12A and W4R11 which belonged to the 

Burkholderiaceae and W1R31 that belonged to Enterobacteriaceae. Most auxin producing 

bacteria belonged to the Paenibacillaceae except isolate R6MS32 which belonged to the 

Enterobacteriaceae. 
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Figure 3.1 Phylogenetic relationships based on partial 16S rRNA genes of endophytic 
bacteria from Leptospermum scoparium that showed high bioactivities and closely related 
sequences, based on a distance analysis (neighbour-joining algorithm) 1000 bootstrap 
replicates performed.  

 

3.3.4 Effect of endophytic bacteria on growth and essential oil composition 

3.3.4.1 Plant growth 

Inoculation with Erwinia sp. T4MS1P and Pseudomonas sp. M3R43 increased growth 

compared to uninoculated plants (P<0.05; Appendix B.8) (Table 3.4). Erwinia sp. T4MS1P 

was the only bacterium that increased shoot height compared to the control (Table 3.4). 

Shoot and root dry weights were simultaneously increased both by Erwinia sp. T4MS1P 
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and by Pseudomonas sp. M3R43 (LSD, P<0.05). Shoot dry weight for seedlings 

inoculated with Erwinia sp. T4MS1P was 2.3× heavier (0.62 g) than that of the control 

(0.27 g) but were not different from plants inoculated with Pseudomonas sp. M3R43 (0.48 

g) and Rahnella sp. R4R21A (0.44 g). Root dry weight for seedlings inoculated with 

Erwinia sp. T4MS1P was 2.1× (0.19 g) higher than the control (0.09 g), but not 

significantly different from five other treatments (range = 0.13 to 0.17 g). Inoculation with 

Erwinia sp. T4MS1P also produced more internodes (28.6) compared to the control (19.1) 

(LSD, P<0.05). 

 

Table 3.4 Response of Leptospermum scoparium seedlings following soil drenching with 
eight treatments of endophytic bacteria after 4-months growth. Mean of 10 replicated 
plants per treatment 

Means within a column followed by different letters are significantly different (LSD, P<0.05) 
 

3.3.4.2 Essential oil composition 

Thirty-eight GC-MS peaks were detected from the L. scoparium essential oil extracts 

(Table 3.5). However, 17 of these peaks (mostly with long retention times) could not be 

assigned as known L. scoparium compounds or by comparison with GC-MS libraries 

(<90% similarity). Five major compounds dominated these essential oils: -elemene, -

selinene, -selinene, grandiflorone and nor-grandiflorone, which contributed on average 

43.8% of total GC-MS peak area (Table 3.5). Other major compounds (mean >2% of total 

GC-MS peak area) were pinene, -copaene, maltol and unknown 4 (Table 3.5). 

 

Treatment Shoot 
height (cm) 

Number of 
internodes 

Shoot 
dry weight (g) 

Root 
dry weight (g) 

Pseudomonas sp. M3R43   22.9 ab 22.6 b  0.48 ab 0.17 ab 
Pseudomonas sp. I1R11P      18.3 b 17.3 b  0.36 bc 0.11 bc 
Rahnella sp. R4R21A   22.3 ab   22.9 ab    0.44 abc   0.16abc 
Erwinia sp. T4MS1P      27.1 a 28.6 a        0.62 a      0.19 a 
Burkholderia sp. W6R12A 20.3 b 22.6 b  0.41 bc   0.13 abc 
Pseudomonas sp. W3R12      18.7 b 18.2 b  0.32 bc 0.11 bc 
West Coast consortium 21.1 b    22.9 ab   0.41 bc   0.14 abc 
All bacteria consortium 20.4 b 19.8 b  0.39 bc   0.13 abc 
Control 21.1 b 19.1 b        0.27 c      0.09 c 
P value 0.03 0.01 0.02 0.04 
LSD value 5.1 6.0 0.19 0.07 
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Table 3.5 Composition of foliage essential oils in Leptospermum scoparium (Canterbury 
chemotype) after four months growth (n=8 inoculation treatments x 3 replicate plants per 
treatment) 

GC Peak Compound name Mean a Min a Max a 
1 -pinene 2.5 0.0 13.2 
2 -pinene 1.0 0.0 2.8 
3 -myrcene 1.3 0.0 3.0 
4 Maltol  3.6 1.4 8.3 
5 2-ethylhexyl acetate 0.8 0.0 2.7 
6 -cubebene 1.5 0.0 2.8 
7 Unknown 1 b 0.2 0.0 3.6 
8 Unknown 2 b 0.3 0.0 2.1 
9 Cinnamic acid 1.3 0.0 3.7 
10 -elemene 12.5 1.8 23.6 
11 Decanol acetate 1.0 0.0 3.6 
12 -caryophyllene 1.4 0.0 7.0 
13 -copaene 2.7 0.0 6.7 
14 4,11-selinadiene 0.7 0.0 1.5 
15 -selinene 4.2 0.0 8.5 
16 -selinene 5.4 0.0 9.2 
17 Farnesol 0.7 0.0 2.2 
18 Elemol 0.6 0.0 3.1 
19 Unknown 3 b 1.9 0.0 7.9 
20 Phytol 1.6 0.6 4.1 
21 Grandiflorone 9.1 3.9 18.2 
22 Nor-grandiflorone 12.6 6.8 20.0 
23 Unknown 4 b 5.9 0.0 15.5 
24 Unknown 5 b 0.7 0.0 2.7 
25 Unknown 6 b 0.8 0.0 2.4 
26 Unknown 7 b 0.5 0.0 4.8 
27 Unknown 8 b 0.9 0.0 4.8 
28 Unknown 9 b 0.9 0.0 9.4 
29 Unknown 10 b 0.8 0.0 5.1 
30 Unknown 11 b 1.7 0.0 4.5 
31 Unknown 12 b 0.3 0.0 3.1 
32 Unknown 13 b 0.4 0.0 2.4 
33 Unknown 14 b 0.5 0.0 2.2 
34 Unknown 15 b 0.9 0.0 3.1 
35 Unknown 16 b 0.9 0.0 3.0 
36 Unknown 17 b 0.2 0.0 1.7 
37 Tetracontane  1.1 0.0 2.4 
38 Tetratetracontane  0.9 0.0 2.1 

a GC-MS TIC peak areas as % of total peak area  
b compounds have similarity less than 90% references in database 
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Principal coordinate analysis of qualitative GC-MS data (i.e. peak areas as % of total peak 

area) showed that the first coordinate and the second coordinate accounted for 29.4% 

and 15.8%, respectively, of the variation of the dissimilarity matrix (Figure 3.2). These two 

coordinates split samples into two clusters. Inoculation of seedlings with either Rahnella 

sp. R4R21A or Burkholderia sp. W6R12A produced essential oil compositions belonging 

to cluster I, whereas, the remaining treatments were clustered together (Figure 3.2). 

Although clustering was observed, pairwise comparison analysis of qualitative GCMS 

data using the Bray Curtis index showed that compositional differences from inoculation 

with Burkholderia sp. W6R12A (P=0.103; Appendix B.9) or Rahnella sp. R4R21A 

(P=0.096), that belong to cluster I, were not statistically significant at the 95% confidence 

interval compared to other treatments in cluster II (including uninoculated control).  

 
Figure 3.2 Principal coordinate analysis of essential oil composition from plants inoculated 
with eight treatments of endophytic bacteria after 4 months growth (content of compound 
based on Table 3.5). Pseudomonas sp. M3R43 , Pseudomonas sp. I1R11P , 
Rahnella  isolate sp. R4R21A , Erwinia sp. T4MS1P, Burkholderia sp. W6R12A , 
West Coast consortium , All bacteria consortium  and uninoculated control . 

 

In quantitative terms, i.e. peak area per unit mass of dry leaf, inoculation with 

Pseudomonas sp. M3R43 significantly decreased grandiflorone concentration compared 
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to the control plants (LSD, P<0.05, Table 3.6; Appendix B.10). The West Coast 

consortium treatment significantly increased grandiflorone concentration compared to 

control plants (P<0.05). The West Coast treatment was one of two consortia (more than a 

single bacterium) treatments. The other consortium treatment, which was a mixture of all 

bacteria used in this study, significantly decreased grandiflorone compared to the West 

Coast consortium although did not significant compared to control plants. There were no 

significant differences in terms of the concentrations of -elemene (LSD, P=0.63), -

selinene (LSD, P=0.34), -selinene (LSD, P=0.30), or nor-grandiflorone (LSD, P=0.08) 

among the treatments (Table 3.6; Appendix B.10).  

 

Table 3.6 Effect of endophytic bacteria on quantitative composition of Leptospermum 
scoparium foliage essential oils: major component concentrations after four-months plant 
growth. Mean of 3 replicated plants per treatment 
 

Treatment 
Major essential oil compounds (estimate mg/g dry leaf)* 
-

elemene 
-

selinene 
-

selinene Grandiflorone 
Nor- 

grandiflorone 

Pseudomonas sp. M3R43 1.29 0.67 0.88 0.63 d 1.88 
Pseudomonas sp. I1R11P 1.57 0.42 0.63    1.03 bcd 1.44 
Rahnella sp. R4R21A 2.12 0.63 0.86  1.76 ab 1.51 
Erwinia sp. T4MS11P 1.57 0.24 0.35    1.21 bcd 1.42 
Burkholderia sp. W6R12A 1.34 0.60 0.80   0.67 cd 1.57 
West Coast consortium 2.43 0.82 0.95 2.24 a 2.55 
All consortium 1.98 0.61 0.77    1.06 bcd 1.46 
Control 1.79 0.54 0.68  1.39 bc 2.00 
P value 0.63 0.34 0.30 0.01 0.08 
LSD value 1.36 0.51 0.47 0.49 0.74 

*Means within a column followed by different letters are significantly different (LSD, P<0.05) 

 

3.4 Discussion 

This study is the first to isolate and test the bioactive potential of cultured endophytic 

bacteria from L. scoparium. This chapter used in vitro assays to investigate four bioactive 

properties, namely phosphate solubilization, auxin production, siderophore production and 

antagonism to plant pathogens, within a group of endophytic bacteria recovered from 

tissues of L. scoparium. The work was extended to demonstrate that selected members of 

the cultured bacteria, either alone or in combination, could alter the growth and essential 

oil compounds of L. scoparium when applied as a soil drench. This work provides a link 
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between the endomicrobiome and physiology of this native plant and has broader 

implications for the ecology of L. scoparium in situ.   

This work demonstrated that, like all land plants, L. scoparium contains a diverse 

community of culturable bacterial endophytes. Similarly, other researchers have reported 

isolation of bioactive endophytic bacteria from native medicinal plants such as sambung 

nyawa (Gynura procumbenrs (Lour.) Merr) from Malaysia (Bhore et al., 2010), Hygrophila 

spinosa T. Anders from India (Pal & Paul, 2013) and the underground tree (Jacaranda 

decurrens Cham) from Brazil (Carrim et al., 2006). The only prior report on endophytes of 

L. scoparium showed that culturable endophytic fungi were present and specifically 

associated with different tissues, such as Botryosphaeria spp. and Glomerella spp. (leaf), 

Pezicula spp. (stem) and Pythium spp. (root) (Johnston, 1998; McKenzie et al., 2006). 

However, these studies excluded bacteria and bioactive potential or impact on plant 

physiology by the endophytes was not explored. 

Most culturable bacteria were recovered from the roots and this was consistent between 

the five sites. A similar pattern with this study was shown from previous study (Kuklinsky-

Sobral et al., 2005; Barzanti et al., 2007; Mano et al., 2007). Generally, roots were 

reported to have the highest number of endophytes compared with above-ground tissues 

of soybean (Rosenblueth & Martinez-Romero, 2004). In this study, leaves yielded fewest 

cultured representatives, recovered from only 35% plants sampled. The difference in 

isolation success may be due to several reasons. Firstly, oil glands, a specific structure 

for essential oil synthesis, are located on the basal surface of L. scoparium leaves and 

contain schizogenous intercellular spaces to sequester β-triketones from plant cells 

(Killeen et al., 2015). As a result, the bacteria might be killed due to direct contact with the 

essential oil after the leaf bisection during the recovery process. Secondly, root tissue has 

been shown to provide more nutrients to support bacterial growth compared to other 

tissues and can often be the preferential site for endophytic bacteria colonization (Glick, 

1995; Kuklinsky-Sobral et al., 2004).  

Culturable endophytic bacteria provide the opportunity to explore diversity and function. 

The number of bacterial strains used in this study (n=330) was similar to the number 

examined in other studies in the literature. For instance, 304 and 283 endophytic bacterial 

strain were isolated from peanut and moss plants, respectively, before characterization of 

plant growth-promoting attributes (phosphate solubilizing, growth hormone production and 

antagonism against plant pathogens) (Taurian et al., 2010; Shcherbakov et al., 2013). In 

addition, Zinniel et al. (2002) recovered a total of 689 endophytic strains from corn and 

sorghum. In this study the representative bacteria were selected based on 
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morphologically different colonies (shape and color). This approach has been previously 

used as an initial screening process (Sessitch et al., 2004; Berg et al., 2005b). Further 

supporting data for these bacteria not being clonal is generated by the 45 bacterial 

sequences obtained. Their alignment showed that majority of sequences from (84.4%) of 

different sites/part of plants were not identical. Thus, the approach taken is likely to have 

eliminated the majority of clones from the same sample/location and represent. These 

facts coupled with similar patterns of bacterial recovery from each site and tissue and 

majority suggest this collection is a good representation of the culturable endophytic 

bacteria community in L. scoparium.  

This study demonstrated that plant location and tissue type affected the proportion of 

bacteria with the bioactive properties measured. The sites from which the L. scoparium 

was sourced were geographically and environmentally distinct with respect to distance 

and rainfall. Studies have shown that abiotic factors such as climatic conditions, drought 

and light (Malinowski & Belesky, 2000; Sessitsch et al., 2002; Rasche et al., 2006) can 

affect microbial community structure in plants. Furthermore, Lebeis (2014) showed that 

plants can actively recruit microbes that might provide benefits in different environments, 

and termed these “environment-specific microbes”. Since the highest number of bioactive 

bacteria were recovered from root tissues, this part of the plant may be more affected by 

the highly variable soil environment (soil type, nutrient level and pH).  

In this study, L. scoparium contained endophytic bacteria with the potential to improve 

growth and protect the plant from phytopathogens. Some culturable bacteria 

demonstrated phosphate solubilizing activity in vitro and this was consistent with other 

studies on medicinal plants, such as Saussurea involucrate (snow lotus) and Glycyrrhiza 

spp. (Sheng et al., 2011; Li et al., 2012a). Several studies reported use of phosphate 

solubilizing bacteria to reduce the use of fertilizer and improve plant growth (Sundara et 

al., 2002; Oliveira et al., 2009). A high number of bacteria with antagonistic activities 

against fungal and bacterial pathogen were also recovered. The frequency was similar to 

work on ginseng where 24% (n=8) and 18% (n=6) of endophytic bacteria from ginseng 

inhibited growth of Pythium ultimum and Phytophthora capsici, respectively (Cho et al., 

2007). In contrast, Taurian et al. (2010) observed that only 10% of cultured bacteria 

(n=11) from peanut showed antagonist effect against the fungal pathogens Sclerotinia 

minor and S. sclerotiorum. Many of the isolates in the current study also produced 

siderophores which are often produced by promising candidates for biocontrol (Sessitsch 

et al., 2004). With the high frequency of bioactive endophytic bacteria L. scoparium may 

be a promising source of new biocontrol agents. Previous work by McKenzie et al. (2006) 

stated that known plant pathogens (i.e. the Botryosphaeria, Nectria, and Phytophthora) 
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are associated with L. scoparium, yet there are no reports of disease from these species. 

It is possible that the antimicrobial chemistry of L. scoparium coupled with antimicrobial 

endophytes serve to protect the plant.  

The cultivated bacteria with highest bioactivity in the four in vitro assays predominantly 

belonged to the Pseudomonaceae and Enterobacteriaceae (Gammaproteobacteria). 

Combined with results from Chapter 2 this chapter strengthened the concept that the 

Gammaproteobacteria (especially the genus Pseudomonas) is an important group in the 

endomicrobiome of this plant. Gammaproteobacteria (and especially Pseudomonas 

genus) is one of the most abundant classes of bacteria with bioactive properties 

(phosphate solubilizing, antibacterial production and antagonistic against 

phytopathogens) in multiple medicinal plants in China, for example: Pinellia ternate 

(Thunb.) Breit, Bletilla striata, Reichp. and Taxus yunnanensis Cheng & L.K. Fu (Miller et 

al., 2012), the medicinal plant Lavandula angustifolia (Emiliani et al., 2014), Aloe 

barbadensis (Gupta et al., 2012) and also a non-medicinal plants, Sphagnum mosses 

(Shcherbakov et al., 2013) and Phragmites australis (Sauvêtre & Schröder, 2015). 

Furthermore, the genus Pseudomonas are known as producers of antibiotics such as 2,4-

diacetylphloroglucinol, pyrrolnitrin, pyoluteorin, and phenazine (McSpadden Gardener et 

al., 2001; de Souza et al., 2003; Mazurier et al., 2009) as well as enzymes and organic 

acids to mobilize phosphate (Richardson, 2001). 

From in planta study, two endophytic bacteria, Erwinia sp. T4MS11P and Pseudomonas 

sp. M3R43 recovered from the Travis Wetland and Makirikiri sites, respectively, that were 

able to solubilize phosphorus in vitro, increased L. scoparium biomass (shoot and root dry 

weight). Members of the genus Erwinia are known for their ability to solubilize dicalcium 

phosphate and hydroxyapatite (Goldstein & Liu, 1987). Species of the genus 

Pseudomonas are also recognised as being predominant in the rhizosphere and many 

strains can solubilize phosphate compounds and increase plant growth (Richardson, 

2001; Rosas et al., 2006; Hameeda et al., 2008). The soil used in this study had a 

relatively low pH and medium available phosphorus content. Inoculation of plants with 

bacteria that solubilize phosphorus in vitro may increase plant growth but results in the 

literature are variable (Bashan et al., 2013). For instance, of 13 isolates able to solubilize 

TCP in vitro, none increased the growth of soybean under greenhouse condition when 

inoculated into soil (Fernández et al., 2007). In addition, only 1 of 110 TCP-solubilizing 

bacteria increased the growth of peanut in vivo (Taurian et al., 2010). Thus this result that 

only two of the eight treatments containing bacteria able to solubilize phosphorus 

compounds were able to stimulate L. scoparium growth, was consistent with the literature. 
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The ability of bacteria to colonize the rhizosphere and/or rhizoplane may influence the 

effect of endophytic bacteria on plant growth. In this study, soil drenching was used to 

apply the bacteria. This technique has been used to induce bacteria colonization in 

rhizosphere and in plants (Bressan & Borges, 2004; Xue et al., 2009). This study 

acknowledges that endophytic colonization of the applied bacteria was not confirmed. It is 

unclear whether the bacteria colonized within the plant tissue or only the rhizosphere. Of 

the two isolates able to increase plant growth one originated from L. scoparium root, 

Pseudomonas sp. M3R43, and one from L. scoparium main stem, Erwinia sp. T4MS11P. 

Many root endophytes, for example Pseudomonas spp., can colonize the rhizosphere as 

well as the plant endosphere (Hardoim et al., 2008). For example, Pseudomonas sp. 

PopHV6 isolated from xylem sap of Poplar trichocarpa x deltoids var ‘Hoogvorst’ (poplar 

tree), could colonize all plant tissues and the rhizosphere (Germaine et al., 2004). Thus, 

Pseudomonas sp. M3R43 and Erwinia sp. T4MS11P might have colonized multiple 

niches, including the rhizosphere. However, further study is needed to confirm bacteria 

colonization in the rhizosphere and/or in the plant tissue. 

The origin of the bacteria may also affect their ability to colonize the ecotype of L. 

scoparium used here and to affect plant growth. The bacterium namely Erwinia sp. 

T4MS11P that gave the highest plant growth performance was recovered from the same 

site as the seed source of the L. scoparium plants. The other endophytic bacteria were 

collected from four different, distant sites (Table 3.1) that are likely to represent different 

L. scoparium ecotypes. Previous studies in tomato using Pseudomonas species have 

suggested that the plant growth promoting effects by endophytic bacteria can, in some 

instances, be cultivar specific (Pillay & Nowak, 1997). Studies have also reported that 

endophytic bacteria must be compatible with the host plant in order to manifest plant 

growth promotion traits (Rosenblueth & Martínez-Romero, 2006). This may explain why 

endophytes from the same source as the seed produced better growth compared to other 

strains. 

To the best of our knowledge, this is the first study using endophytic bacteria to improve 

growth of a New Zealand native plant. Plant growth improvement might enhance 

economic returns by increasing foliage yields for essential oil production from L. 

scoparium in cultivation as has been reported from other medicinal plant studies (Kapoor 

et al., 2004; Khaosaad et al., 2006) although these need to be tested in field conditions. 

Faster growth rates could also enhance L. scoparium honey production from plantations 

by earlier flowering ages and denser flower production, although assessment of flowering 

and nectar production could not be included in this young seedling study. 
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The other important finding of this study was the demonstration that application of 

endophytic bacteria to roots can alter the essential oil composition in L. scoparium foliage. 

This composition has two aspects: qualitative, i.e. different relative proportions of 

compounds, which are distinctive in chemotypes; and quantitative, i.e. absolute 

concentrations of compounds, expressed as mg/g of dry leaf or equivalent. The five major 

compounds found in the uninoculated control L. scoparium seedlings identified these 

plants as the Canterbury chemotype (Killeen et al., 2015) which was expected for seed 

from that region. 

The bacteria inoculation modified essential oil composition quantitatively. The PCoA 

analysis suggested a trend for two clusters of qualitative essential oil composition for 

different endophyte treatments, but the differences were not statistically significant and 

the same compounds were major components in all extracts. Therefore, these treatments 

using endophytic bacteria from different regions did not cause anything like the major 

qualitative differences seen in L. scoparium chemotypes from different regions (Douglas 

et al., 2004; Killeen et al., 2015). However, in quantitative terms inoculation with the West 

Coast bacteria consortium increased grandiflorone concentration, compared to the control 

and to the other six treatments. 

Quantitative modification in essential oil composition was not related to plant growth. 

Erwinia sp. T4MS11P gave the highest increase in L. scoparium growth but did not 

change the grandiflorone concentration. Pseudomonas sp. M3R43 also significantly 

increased plant growth but significantly decreased grandiflorone concentration. However, 

the West Coast consortium showed increased grandiflorone concentrations but there was 

no effect on plant growth. A similar effect was observed in other study. Seedlings of A. 

annua grown under sterile condition and inoculated with Pseudonocardia species 

increased artemisinin concentrations but did not show growth improvement (Li et al., 

2012b). A similar result was also reported in basil (Toussaint et al., 2008). 

Essential oil modification likely depends on a specific bacteria-plant association. 

Pseudomonas sp. M3R43 and Burkholderia sp. W6R12A decreased (negative response) 

grandiflorone concentration compared to the control. Pseudomonas sp. I1R11P, Erwinia 

sp. T4MS11P and Rahnella sp. R4R21A did not chance (neutral response) grandiflorone 

concentration indicated the functional diversity to modify essential oil varies between 

bacteria even from the same genus. Only the West Coast consortium which was one of 

two consortia treatments increased grandiflorone concentration. The West Coast site is 

known for its highly active honey (unique mānuka factor, UMF), so bacteria isolated from 

this location could have a higher potential for increasing bioactive compounds than 
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bacteria isolated from sites without measurable UMF. Inoculation of Artemisia annua with 

Piriformospora indica or Azotobacter chroococcum separately increased sesquiterpene 

artemisinin content compared to control plants, but a higher artemisinin content was 

reached when A. annua was inoculated with both endophytes together (Arora et al., 

2016). An increase in secondary metabolite concentration was observed when Tagetes 

minuta was co-inoculated with P. fluorescens and Azospirillum brasilense (del Rosario 

Cappellari et al., 2013). These studies indicated a positive response between more than 

one isolate that might have occurred in the West Coast treatment.  

A combination of negative responses of strains in the all bacteria treatment might have 

resulted a reduction in grandiflorone concentration. The all bacteria treatment contained 

isolates which, individually decreased grandiflorone concentration compared to the West 

Coast treatment. Therefore, a significant reduction of grandiflorone concentration was 

observed from the all bacteria treatments compared to the West Coast treatment although 

this was not significant from the control. Since the West Coast treatment was also a 

mixture of five different strains, further study is needed to investigate individual strain 

effect toward L. scoparium essential oil composition.  

Several mechanisms for essential oil modification have been linked to bacteria of the 

same genera as identified here. Up regulation of plant genes that are responsible for 

essential oil production, such as Vetiver sesquiterpene synthase, a gene that is involved 

in the synthesis of at least seven different sesquiterpene hydrocarbons, by Pseudomonas 

sp. strain VET-8 has been described (Del Giudice et al., 2008). The genes responsible for 

L. scoparium triketone biosynthesis have not been determined, but these are likely to be 

polyketide synthases and C-methyl transferases (Dr Nigel Perry, pers comm., 2016). 

Pseudomonas spp. inoculation increased production of monoterpenes in rose-scented 

geranium (Pelargonium graveolens cv. bourbon) by increasing the size of glandular 

trichomes (Dharni et al., 2014). In L. scoparium, grandiflorone is produced in oil glands 

within leaves, and the densities and sizes of these oil glands vary between regional 

chemotypes (Killeen et al., 2015). Thus, further work examining expression of gene 

related to triketone biosynthesis and/or alteration of the oil glands development of L. 

scoparium in response to inoculation with bacterial endophytes may help to determine 

how grandiflorone content was modified.  

In conclusion, L. scoparium contains endophytic bacteria with bioactive properties that 

can improve plant growth when reapplied to roots. Plant location affected the proportion of 

these endophytic bacteria. A high number of bioactive endophytic bacteria belonged to 

Gammaproteobacteria, emphasizing that this class is an important group in L. scoparium. 
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Inoculation of L. scoparium with endophytic bacteria improved plant growth and modified 

grandiflorone content. Both of these effects would be valuable in commercial essential oil 

production from plantation-grown L. scoparium. Previous studies have suggested plant 

genetics as the main contributing factor to variation in L. scoparium essential oil 

composition, but this work demonstrates that this can also be modulated by endophytes. 

Further work is required to examine the extent and magnitude of the effect of endophytic 

bacteria on foliage essential oil composition in different L. scoparium chemotypes. 
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4 Chapter 4 
Using bacterial endophytes from Leptospermum 
scoparium to control of grapevine trunk diseases 

 

4.1 Introduction 

Use of bioactive endophytic bacteria is a promising approach to control plant disease. 

Endophytic bacteria can produce antimicrobial compounds, siderophores and induce 

systemic resistance to inhibit disease development by plant pathogens (Compant et al., 

2010; Reinhold-Hurek & Hurek, 2011; Zachow et al., 2015). Utilization of medicinal plants 

as a source of bacteria with biocontrol activity and new antimicrobial compounds has 

been reported (Khamna et al., 2009; Miller et al., 2012; Tianxing et al., 2013). Previous 

work in Chapter 3 demonstrated that Leptospermum scoparium contains bacteria with 

antimicrobial activities and some of these were candidates for use as biocontrol agents.  

The biocontrol potential of bacterial endophytes in L. scoparium has not been studied. 

However, international research suggests that as a medicinal plant, L. scoparium is likely 

to harbour endophytic bacteria that can resist the antimicrobial compounds in the host 

plant vascular system and perhaps contribute to the protection against plant fungal 

pathogens. In this chapter, endophytic bacteria that showed antagonistic activity against 

Botryosphaeriaceae species in vitro (Chapter 3) will be used to complete a “proof a 

concept” that endophytes from L. scoparium with biocontrol activities can be transferred to 

a heterologous host. The Botryosphaeriaceae were target pathogens due to a previous 

study by McKenzie et al. (2006) that showed that these species were commonly present 

in L. scoparium yet there are no reports of disease. This fact, coupled with the natural 

antimicrobial properties of L. scoparium, indicated that the bacteria may participate in the 

suppression of pathogenicity by the Botryosphaeriaceae. Since endophytic bacteria play 

roles to protect plant from the pathogen in disease resistance of plant (Pavlo et al., 2011; 

Reinhold-Hurek & Hurek, 2011), the endophytic bacteria may be used to control the 

Botryosphaeriaceae as a pathogen group that share a similar niche in L. scoparium. 

In New Zealand, Botryosphaeriaeae species are significant problems in vineyards where 

they cause canker and dieback of vines. These pathogens were found in 88% of 

vineyards (n=43) sampled from six major grape growing regions (Baskarathevan et al., 

2012a). They were also detected in asymptomatic young grafted plants and propagation 
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cuttings (Billones-Baaijens et al., 2013) suggesting that nurseries could act as an 

inoculum source of disease in vineyards. Spore trapping demonstrated that spores were 

consistently present in vineyards and this, coupled with the frequent wounding of vines, 

provides near year round opportunities for the pathogens to infect (Ridgway et al., 2011). 

A recent survey identified that the prevalence of dieback increases with vine age by 2.4% 

and 1.3% p.a. on average in the Hawke’s Bay and Marlborough regions, respectively 

(Sosnowski & Mundy, 2014), emphasizing that the incidence is on the rise in our national 

vineyard and that growers will face bigger challenges from these pathogens in the future. 

Thus, viticulture is a nationally significant industry for which there is a significant pathogen 

problem that a biological control option may prove useful in addressing. 

A new paradigm in biocontrol must be sought for the Botryosphareriaceae as any control 

strategy must be perpetual and reinforce the vines from within to combat the latent 

characteristic of these pathogens (van Niekerk et al., 2006; Slippers & Wingfield, 2007). 

Several studies have identified strategies to decrease the impact of trunk disease caused 

by Botryosphaeriaceae species and these include management practices such as double 

pruning and fungicide treatment (Úrbez-Torres & Gubler, 2009; Rego et al., 2010; 

Amponsah et al., 2012). However, they are of variable efficacy, not environmentally 

sustainable and have a high cost (Bertsch et al., 2013). Endophytic bacteria are a new 

source for biocontrol candidates due to production of new bioactive compound (Qin et al., 

2011). They also share the same niche with the phytopathogen and have the potential to 

persist for a long time inside of plant tissue (Compant et al., 2005a; Hardoim et al., 2008) 

which make them suitable for biocontrol.  

The objectives of this study were (i) to determine the potential of candidate endophytic 

bacteria from L. scoparium to produce diffusible and volatile inhibitory compounds in vitro, 

(ii) to determine their ability to colonize and persist in grapevine and, (iii) to determine 

their inhibitory activity towards Botryosphaeriaceae species in planta. 

 

4.2 Materials and Methods 

4.2.1 Bacterial and fungal cultures  

A total of 10 bacteria recovered from the root tissue of L. scoparium had shown 

antagonism towards Neofusicoccum luteum ICMP16678 in vitro and had been identified 

using the sequence of the 16S rRNA gene as Pseudomonas sp. I2R21, Burkholderia sp.  

W4R11, Burkholderia sp. W6R12A, Serratia sp. W1R13, Pseudomonas sp. W1R33, 
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Pseudomonas sp. W7R11, Pseudomonas sp. W7R13, Pseudomonas sp. W7R21, 

Pseudomonas sp. W7R22 and Pseudomonas sp. W7R31 (Chapter 3; Sections 3.3.2.4 

and 3.3.3). The bacteria were routinely sub-cultured from the -80°C stock (described in 

Section 3.2.1) onto nutrient agar (NA; Oxoid, Thermo Fisher Scientific Inc.) at 25oC in the 

dark for 2 days prior to use in agar and liquid assays. The eight isolates of 

Botryosphaeriaceae species used in the study were N. luteum ICMP16678 and G51a2, N. 

parvum MM562 and G22a3, N. ribis A231, N. australe ICMP 15894, Diplodia mutila A2, 

and D. seriata L174 and these were obtained from the Plant Microbiology Group culture 

collection, Lincoln University. These fungi had been shown to be virulent in grapevine 

(Baskarathevan, 2011). 

 

4.2.2 General mechanism of selected bacteria to inhibit Botryosphaeriaceae 
isolates 

The ability of the endophytic bacteria to inhibit the growth of one isolate each of N. luteum 

ICMP16678, N. parvum MM562, N. ribis A231, N. australe ICMP15894, D. mutila A2 and 

D. seriata L174 was determined in assays. 

 

4.2.2.1 Dual culture assay 

A dual culture assay was used to evaluate antagonism due to the production of diffusible 

compound(s). A 6 mm diameter agar disc was taken from a 5-day old of culture of each 

Botryosphaeriaceae species that had been grown on Waksman agar (WA) (Appendix B.1) 

and placed in the centre of the new agar plate. The dual culture assay was done as 

described in Section 3.2.2.4 by dividing the plate into four equal sized sections and into 

each section a loop of each bacterium (one bacterium replicated in the four different 

sections of each plate) taken from a 2-day old culture on NA was placed. As a negative 

control, plates were inoculated only with each Botryosphaeriaceae species. Each 

treatment was replicated three times and incubated for 3 days at 25oC in 12 h light/12 h 

dark. The radial growth of Botryosphaeriaceae species towards the antagonistic bacteria 

(Rt) and that on a negative control plate (Rc) were measured using a digital caliper and 

the mycelial growth inhibition (%) was calculated according to the formula: ((Rc-Rt)/Rc) x 

100. The mean of the four Rt values per replicate plate was used to calculate the mycelial 

growth inhibition (%). 
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In order to evaluate morphological changes of fungal pathogen associated with diffusible 

compound(s) produced by the endophytic bacteria, mycelium samples of N. luteum 

ICMP16678 were taken from areas showing strong inhibition levels from the plate that 

inoculated with the endophytic bacteria. The mycelium samples were stained with 

lactophenol-cotton blue and observed under light microscope (Nikon Instruments Inc., 

USA). Mycelium samples from negative control plates without endophytic bacteria 

inoculation were also stained and examined.  

 

4.2.2.2 Volatile assay 

A two-compartment WA plate was used to evaluate antagonism due to production of 

volatile compound(s). One hundred microliter of a 24-h old bacterial culture in nutrient 

broth (NB) (Difco, Becton, Dickinson and Company) was spread onto the first plate and a 

6 mm diameter agar disc was taken from a 5 day-old colony of one of the 

Botryosphaeriaceae species isolates that had been grown on WA was inoculated onto the 

centre of the second plate. The second plate was used as a lid for the first plate. The 

plate was sealed tightly after inoculation using parafilm (Parafilm®, Bemis) and plastic 

wrap. As a negative control, a two-compartment assembly without bacterial inoculation 

was used. Each combination was replicated three times. Incubation condition and 

assessment of mycelial growth inhibition (%) were carried out as described in Section 

4.2.2.1. 

 

4.2.3 Detection of antibiotic producing genes using PCR 

Antibiosis is a common biocontrol mechanism of Pseudomonas and Burkholderia species 

to inhibit plant pathogens (de Souza & Raaijmakers, 2003; Haas & Keel, 2003). The 

presence of a clear zone around the endophytic bacterial colony on the dual culture 

against botryosphaeriaceous species indicated that the isolates from mānuka may 

produce antibiotics. In this study PCR was used to screen the presence of five antibiotic 

producing genes commonly found in Pseudomonas and Burkholderia species (de Souza 

& Raaijmakers, 2003; Haas & Keel, 2003). This approach can quickly detect antibiotic 

producing genes in Pseudomonas and Burkholderia species with biocontrol activity and 

has been demonstrated to be consistent with other methods such as HPLC analysis (de 

Souza & Raaijmakers, 2003; La Fuente et al., 2004; Zhang et al., 2006; Zhou et al., 

2012). 
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DNA from the endophytic bacteria (n=10) was extracted using the PureGene kit (Qiagen) 

by following the manufacturer’s procedure. Five genes encoding the production of the 

antibiotics 2,4- diacetylphloroglucinol (phlD gene), phenazine (phzC gene), pyrrolnitrin 

(prnC gene), pyoluteorin (pltC gene), and hydrogen cyanide (hcnBC gene) were amplified 

using PCR (Table 4.1) (McSpadden Gardener et al., 2001; Mavrodi et al., 2001; de Souza 

& Raaijmakers et al., 2003; Ramette et al., 2003; Mazurier et al., 2009). To check whether 

antibiotic gene detection correlated with inhibition three isolates of endophytic bacteria 

Pseudomonas sp. M3R43, Pseudomonas sp. I3R22A and Pseudomonas sp. W3R12, that 

did not show any inhibition towards botryosphaeriaceous species (Chapter 3), were also 

included. Pseudomonas spp. were selected due to most of the antagonist bacteria (7 of 

10 isolates) that showed strong antagonism were belong to Pseudomonas genus. 

PCR were performed using a thermal cycler (Applied Biosystem Veriti) in a 25 µL volume 

containing 1× buffer, 0.2 mM deoxynucleotide triphosphates (dNTPs), 2 mM MgCl2, 0.4 

µM of each forward and reverse primers (IDT, Integrated DNA Technologies Inc.) and 1 U 

Taq DNA polymerase (Roche, Germany). PCR products were visualised by 1% agarose 

gel electrophoresis using 1Kb plus DNA ladder (InvitrogenTM, Life TechnologiesTM, 

Thermo Fisher Scientific, USA). A 6 µL aliquot of each PCR product was mixed with 2 µL 

of loading dye and loaded onto a 1% agarose gel (Bioline, Bioline USA Inc.) in 1× TAE 

buffer and run for 1 h at 100V. Gels were stained in ethidium bromide solution for 15 min, 

destained with water then visualised under ultra-violet light using a UVIreader (UVItec Ltd, 

Cambridge, UK).  

For any isolate that produced multiple bands, 50 µL PCR product was mixed with 10 µL 

loading dye and loaded onto a 1% agarose gel and run as previously described. Gels 

were stained for 10 min in ethidium bromide solution, destained and observed under ultra-

violet light using a UVIreader. The PCR product with the expected size for each antibiotic 

producing gene was excised and purified using the HighPure PCR product purification kit 

(Roche, Germany). The PCR-amplified antibiotic producing genes were sequenced 

directly and sequence results were compared with DNA sequences present on the protein 

database in the NCBI database (www.ncbi.nlm.nih.gov) using the BLASTX algorithm. 
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Table 4.1 Details of the primers and PCR conditions used to amplify five different antibiotic producing gene from the selected bacteria. 

 

Gene 
target Primer Sequence (5’-3’) PCR conditions 

Expected 
product size 

(bp) 
References 

phlD B2BF    ACC CAC CGC AGC ATC GTT TAT GAG C 95°C for 3 min 
35 cycles of  94°C for 1 min, 
60°C for 1 min, 72°C for 1 min 

600 McSpadden 
Gardener et 
al., 2001  

BPR4 CCG CCG GTA TGG AAG ATG AAA AAG TC  72°C for 5 min       
  

phzC PHZJR1  CAG GGC CG(G/C) (A/G)(C/T)A TTT CTC GGT 
TCT  

94°C for 2 min 
30 cycles of 94°C for 1 min, 
67°C for 45 s,  72°C for 1 min 

522 Mazurier et al., 
2009 

 
PHZJR2 GCG CGG GTC GCA CAG G CT T TTG TA  72°C for 10 min   

      
prnC PrnCf  CCA CAA GCC CGG CCA GGA GC 94°C for 2 min 

30 cycles of 94°C for 1 min, 
58°C for 45 s, 72°C for 1 min 

719 Mavrodi et al., 
2001 

 
PrnCr GAG AAG AGC GGG TCG ATG AAG CC  72°C for 10 min       

  
pltC PLTC1 AAC AGA TCG CCC CGG TAC AGA ACG 95°C for 2 min 

30 cycles of 95°C for 2 min, 
67°C for 1min, 72°C for 1 min 

438 de Souza & 
Raaijmakers et 
al., 2003  

PLTC2 AGG CCC GGA CAC TCA AGA AAC TCG 72°C for 10 min   

      
hcnBC ACa ACT GCC AGG GGC GGA  TGT GC  94°C for 2 min 30 s 

30 cycles of 94°C for 30 s, 63°C 
for 30 s, 72°C for 1 min 

549 Ramette et al., 
2003 

 
ACb ACG ATG TGC TCG GCG TAC  72°C for 10 min   
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4.2.4 Antagonism of selected bacteria against Botryosphaeriaceae isolates in 
planta under shade house conditions 

4.2.4.1 Production of spontaneous mutans using rifampicin 

Three endophytic bacterial isolates, Pseudomonas sp. I2R21, Burkholderia sp. W4R11 

and Burkholderia W6R12A were selected from the candidate endophytes. They were 

selected due to evidence of in vitro activity against both Neofusicoccum spp. and 

Ilyonectria spp. (Chapter 3). Spontaneous mutants were developed by sub-culturing each 

of the three selected isolates onto NA containing incremental and iterative increases in 

rifampicin. Initially each bacterium was plated onto NA containing 10 ppm rifampicin 

(Sigma-Aldrich, Sigma-Aldrich Co. LLC) (NARif10) and incubated at 25°C for 72 h. Single 

colonies of the bacteria that grew on NARif10 were sub-cultured onto NARif20 containing 20 

ppm rifampicin and incubated again at 25°C for 72 h. This process was repeated with a 

10 ppm increment for each subculture until the concentration in the agar reached 100 

ppm (NARif100). To determine whether that spontaneous mutant was stable, each 

bacterium was sub-cultured onto NA without rifampicin for 5 subsequent sub-cultures 

prior to sub-culturing again onto NARif100. To determine whether there was a change in 

phenotypic traits, the ability of the spontaneous rifampicin mutant to solubilize phosphate 

on tricalcium phosphate (TCP) agar, produce siderophores on CAS agar and inhibit 

Neofusicoccum spp. on WA were compared to the wild type. The bioactivity assay was 

done as described on Section 3.2.2. For each of the three endophytic bacterial isolates, 

one stable spontaneous rifampicin resistant (100 ppm) mutant strain was selected, stored 

at -80°C in 25% glycerol (LabServ, Thermo Fisher Scientific Inc., New Zealand) and 

used for the remaining experiments.  

 

4.2.4.2 Endophytic behaviour and persistence of the selected bacteria in planta under 

shade house conditions 

The experiment was conducted during summer/autumn from December 2014 until June 

2015. One-year-old dormant Sauvignon blanc cuttings (20-25 cm) were rooted in a plastic 

tray (35.5 cm length 130 mm height x 325 mm width) containing pumice for 4 weeks prior 

to potting. Cuttings with well-developed root systems were potted into 1.2 litre pots 

contain 3-4 months potting mix composed of 20% pumice, 80% composted bark, 2 kg/m3 

Osmocote® Extract Standard 3-4 months gradual release fertilizer (16:3.5:10; N:P:K, 

respectively plus trace elements), 1 kg/m3 agricultural lime, 500 g/m3 Hydraflo® 2 
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(granular wetting agent, Scott Product New Zealand, Ltd). Two different inoculation 

treatments, potting mix drenching and wounding, were assessed in this study.  

Cultures of the rifampicin resistant strain for each bacterium were prepared as described 

in Section 3.2.4.2. For the potting mix drenching treatment, the area surrounding the base 

of each potted cane was drenched with approximately 10 mL of bacteria inoculum with a 

concentration 108 CFU/mL based on a standard growth curve of each bacterium 

(Appendix C.1). For the wounding treatment, a wound was made on the main trunk 10 cm 

above the potting mix using a sterile 5 mm diameter cork borer and scalpel and inoculated 

with a 10 μL aliquot of bacteria culture at a concentration of 108 CFU/mL. Negative 

controls were done in a similar way but inoculated with phosphate buffer saline (PBS) pH 

7.2 in place of endophytic bacteria culture. All of the inoculated vines were placed on pot 

saucer in a shade house under ambient temperature, natural light and watered as 

required for the duration of the experiment. The experiment was arranged in a completely 

randomized design with five replicates per treatment.  

Recovery of bacteria from inoculated plants was carried out 1, 2 and 6 months after 

inoculation. Grapevine canes were removed from the potting mix, debarked and surface 

sterilized by sequential immersion in ethanol 96% for 30 s, 2% bleach for 2 min, and then 

rinsed with sterile water three times inside the laminar flow. 

Evaluation of colonization of the grapevine canes by the selected bacteria was carried out 

by dissecting the cane aseptically into 1 cm sections. For the potting mix drench treatment 

this was done from the tip until 10 cm above the potting mix. For wounding treatment this 

was done on 5 cm above and below wounding site. The surface sterilized cane segments 

were placed onto NARif100 and incubated at 25oC for 7 days. Plates were observed daily 

during this period for the presence of rifampicin-resistant bacterial colonies. Bacteria 

colonies that grew during this incubation period were sub cultured onto NARif100 and 

genotyped. Genotyping was done using enterobacterial repetitive intergenic consensus 

(ERIC) PCR. Bacterial DNA was extracted using the Gentra PureGene kit (Qiagen) 

following the manufacturer’s instructions. PCR was done using primers ERIC 1R (5′-ATG 

TAA GCT CCT GGG GAT TCA C-3′) and ERIC 2 (5′-AAG TAA GTG A CT GGG GTG 

AGC G-3′) as described by Versalovic et al. (1991). A 6 μL aliquot of PCR product was 

separated by electrophoresis at 10 V/cm in a 1.5% agarose gel in 1 × TAE alongside the 

1Kb plus DNA Ladder (InvitrogenTM, Thermo Fisher Scientific Inc., USA). Gels were 

stained in ethidium bromide solution for 15 min, destained with water then visualised 

under ultra-violet light using the UVIreader (UVItec Ltd, Cambridge, UK). If a bacterium 
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could grow on NARif100 and had the same genotype as the wild type it was identified as the 

inoculated strain.  

 

4.2.4.3 Experiment 1 - Antagonistic effect of selected endophytic bacteria against 

Neofusicoccum parvum  

The first potted vine assay was conducted during the summer/autumn from January 2015 

until June 2015. This experiment was done in parallel with the experiment described in 

Section 4.2.4.2. One-year-old dormant Sauvignon blanc cuttings were rooted and potted 

as described in Section 4.2.4.2. A rifampicin resistant strain of each bacterial strain was 

used in this experiment. Two bacterial inoculation treatments were applied onto one plant 

by wounding and by potting mix drenching as described in Section 4.2.4.2. Control plants 

that were used for negative and positive controls were done in a similar way but 

inoculated with phosphate buffer saline pH 7.2 in place of the endophytic bacteria culture. 

The inoculated potted vines were grown in a shade house for one-month prior to 

inoculation with N. parvum MM562. This N. parvum isolate was reported to be of medium 

virulence (Baskarathevan, 2012b). Healthy potted vines were inoculated with N. parvum 

MM562 by creating a wound at the same position as the site where the endophytic 

bacterium was wound inoculated. Grapevines were inoculated by placing a 5 mm 

mycelium plug taken from the growing margin of a 3-day old N. parvum MM562 on potato 

dextrose agar (Oxoid, Thermo Fisher Scientific Inc.) against the wound, with the mycelium 

facing the wound, and wrapped with Parafilm. Positive controls (pathogen only) were 

done by inoculating healthy potted vines that had not been inoculated with the endophytic 

bacteria with N. parvum MM 562 plugs. Negative controls were done by wounding healthy 

vines in a similar way and applying a plug of PDA but without any fungal or bacteria 

inoculation. All of the inoculated vines were placed in a shade house under ambient 

temperature, natural light and watered as required until harvest. The experiment was 

arranged in a completely randomized design with seven replicates per treatment.   

 

4.2.4.4 Experiment 2 - Antagonist effect of selected endophytic bacteria against four 

isolates of Neofusicoccum spp. with different levels of virulence 

The second experiment was carried out during the spring from September 2015 until 

December 2015 using grapevine cuttings rooted as described in Section 4.2.4.2. Since 

the wounding inoculation treatment resulted in better (see Result Section 4.3.3) 
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colonization of the grapevine plants, the grapevines were only inoculated using this 

method as described in Section 4.2.4.2. Fungal pathogen inoculation were done as 

described in Section 4.2.4.3.  Four isolates of two Neofusicoccum spp., N. parvum 

MM562 (medium virulent), N. parvum G22a3 (highly virulent), N. luteum ICMP16678 

(medium virulent) and N. luteum G51a2 (highly virulent) (Baskarathevan et al., 2012b; 

Baskarathevan et al., 2016) were used in this experiment. The pathogenicity of isolates 

was confirmed by inoculating them onto grapevine green shoots (Appendix C.2). The 

pathogens were re-isolated from the lesion on the green shoots, purified on PDA and 

used in this experiment. The rifampicin mutant strain that had shown highest antagonism 

in experiment 1 (see Result Section 4.3.4) was used. A second rifampicin mutant strain, 

Pseudomonas sp. W1R33, that had shown high levels of inhibition by the production of 

volatile compounds (see Result Section 4.3.1), was also used. Additional controls were 

included where the grapevines were also inoculated with the wild type strains to confirm 

that the induction of spontaneous antibiotic resistance had not influenced the ability of the 

endophytic strains to inhibit the pathogens. The experiment was set up as described in 

Section 4.2.4.3. All inoculated vines were placed on pot saucer in a shade house under 

ambient temperature, natural light and watered as required until harvest. The experiment 

was arranged in a randomized block design with all of the N. luteum treatments in one 

block and N. parvum in the other block and placing side by side with six replicates per 

treatment. One set of negative controls was set up for each block. 

 

4.2.4.5 Disease assessment and confirmation of endophytic bacterial colonization 

For experiment 1 lesion length and colonization by the endophytic bacteria and fungal 

pathogen was assessed after 2 and 6 months growth. For experiment 2 this was only 

done at 2 months.  

Lesions were measured with a digital calliper. The lesion on the trunk was measured after 

debarked using a sterile scalpel. Evaluations of colonization and movement of endophytic 

bacteria from the antagonist experiments 1 and 2 within the grapevine canes was done as 

described in Section 4.2.4.2. Only plants inoculated with the rifampicin mutant strain were 

used to evaluate colonization and movement of endophytic bacteria. For fungal pathogen 

re-isolation, the surface-sterilized tissues were inoculated onto PDA, incubated for 5 days 

at 25oC with 12-h dark/12-h light. Fungal colonies that grew were subcultured onto PDA 

and identified as presumptive Neofusicoccum species by comparing the colony 

morphology with that of the N. parvum or N. luteum isolates used for inoculation. To 

confirm their identity, DNA of the suspected Neofusicoccum spp. was extracted using the 
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rapid REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich; Sigma-Aldrich Co. LLC) 

according to manufacturer’s instructions and the nuclear rRNA gene region (371-372 bp) 

amplified using the botryosphaeriaceous multi-species primers, BOT100F and BOT472R 

(Ridgway et al., 2011). 

 

4.2.5 Statistical analysis 

Radial growth of fungal pathogens, the lesion length, endophytic bacteria and fungal 

pathogen movement were analyzed with One-way ANOVA to determine the significance 

of treatment effects and followed by Fisher’s ad-hoc analysis at P<0.05 using Minitab 17 

(Lead Technologies, Australia).  

 

4.3 Results 

4.3.1 Mechanisms of inhibition of Botryosphaeriaceae species by selected 
endophytic bacteria 

All bacteria (n=10) inhibited the radial growth of the six botryosphaeriaceous species 

isolates in the dual culture assays and microscopy showed that the endophytic bacteria 

caused pathogen hyphae to swell, deform and break down (Figure 4.1 and Appendix C.3, 

respectively). There was a different in vitro antagonistic activity in dual culture assays 

among the endophytic bacteria (P<0.05). For each of the botryosphaeriaceous species 

isolates there was a significant effect of endophytic bacteria on colony growth (P=0.018, 

P=0.05, P<0.001, P=0.001, P<0.001 and P<0.001 for N. luteum, N. parvum, N. australe, 

N. ribis, D. mutila and D. seriata, respectively; Appendix C.4) (Table 4.2). Pseudomonas 

sp. isolate I2R21, Burkholderia sp. isolate W6R12A and Burkholderia sp. isolate W4R11 

inhibited colony growth by ≥50% of five, five and four of six botryosphaeriaceous species, 

respectively (Table 4.2). Five isolates of Pseudomonas spp. (W1R33, W7R11, W1R13, 

W7R22 and W7R31) inhibited the growth of two botryosphaeriaceous species by ≥50% 

(Table 4.2). Pseudomonas sp. isolate I2R21 was the only isolate that inhibited growth of 

N. parvum by at least 50% (Table 4.2).  

In the volatile assay, for each of the botryosphaeriaceous species isolates there was a 

significant effect of endophytic bacteria on colony growth (P<0.001 for all species; 

Appendix C.5) (Table 4.3). Pseudomonas sp. isolates W1R33, W7R11 and W7R13 

inhibited the growth of six, five and five botryosphaeriaceous species by ≥30%, 
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Table 4.2 Effect bacterial endophytes on the radial mycelial growth of six botryosphaeriaceous species in the dual culture assay as a 
percentage of the control after 3 days growth 

 
 
 
 
 
 
 
 
 
 

 

 

 

Values within a column followed by different letters are significantly different in ability to inhibit growth at P≤0.05 according to LSD 
 
 

Isolate % of mycelial growth inhibition compared to control 
N. luteum N. parvum N. australe N. ribis D. mutila D. seriata 

Pseudomonas sp.  I2R21   52.0 ab 50.0 a 55.0 a   41.3 bc   57.0 ab 64.7 a 
Burkholderia sp.  W4R11   51.7 ab 20.3 b 51.6 b 48.0 b 55.3 b 54.7 b 
Burkholderia sp.  W6R12A 53.0 a 24.3 b   50.3 bc 59.3 a 60.0 a 54.0 b 
Serratia sp.  W1R13   48.3 bc 26.7 b   48.0 de   41.7 bc 49.3 e 54.3 b 
Pseudomonas sp.  W1R33 46.3 c 20.0 b   49.0 cd   45.6 bc   54.3 bc   52.7 bc 
Pseudomonas sp.  W7R11     49.3 abc 21.0 b   50.3 bc   44.3 bc   50.7 de 49.3 d 
Pseudomonas sp.  W7R13   51.3 ab 21.0 b   50.3 bc   43.0 bc 49.3 e 48.0 d 
Pseudomonas sp.  W7R21   49.0 bc 24.3 b   48.6 cd 39.0 c 48.7 e 49.0 d 
Pseudomonas sp.  W7R22 47.0 c 21.0 b 46.3 e   42.0 bc     51.0 cde   50.0 cd 
Pseudomonas sp.  W7R31   48.3 bc 20.6 b     48.3 cde   42.0 bc     53.7 bcd   50.0 cd 
P value 0.018 0.05 <0.001 0.001 <0.001 <0.001 
LSD value 3.8 17.3 2.0 7.1 3.3 2.7 
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Table 4.3 Effect of volatile compounds produced by bacterial endophytes on the radial mycelial growth of six botryosphaeriaceous species 
as a percentage of the control after 3 days growth 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Values within a column followed by different letters are significantly different in ability to inhibit growth at P≤0.05 according to LSD 

Isolate % of radial mycelial growth inhibition compared to control 
N. luteum N. parvum N. australe N. ribis D. mutila D. seriata 

Pseudomonas sp.  I2R21    35.7 abc   29.3  b 17.3 b 14.3 d 2.3 d 1.3 d 
Burkholderia sp.  W4R11         0.7 e   2.7 d  0.7 c    9.0 de 0.0 d  0.0 d 
Burkholderia sp.  W6R12A 13.3 d   7.3 d    9.7 bc 30.7 c 5.7 d  3.0 d 
Serratia sp.  W1R13   2.6 e   0.0 d  3.7 c   0.0 e  0.0 d  0.0 d 
Pseudomonas sp.  W1R33   38.7 ab 53.3 a 37.0 a 47.7 a 36.0 a 32.0 a 
Pseudomonas sp.  W7R11 39.7 a 49.0 a 42.0 a     42.7 abc 37.3 a    23.3 bc 
Pseudomonas sp.  W7R13   39.0 ab 43.3 a 36.0 a     42.0 abc 36.0 a    29.7 ab 
Pseudomonas sp.  W7R21   33.0 bc   41.3 ab 37.7 a   34.0 bc 22.7 c 20.3 c 
Pseudomonas sp.  W7R22 30.0 c   21.7 bc 38.3 a 50.0 a    35.0 ab 17.3 c 
Pseudomonas sp.  W7R31 41.0 a 46.3 a 38.7 a   44.0 ab    25.3 bc 20.7 c 
P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
LSD value 7.2 13.6 9.3 12.1 10.6 8.4 



 103 

4.3.2 Detection of antibiotic producing gene(s)  

PCR amplification revealed that phenazine, pyrrolnitrin and HCN producing genes were 

detected in five, four and six of the 10 bacterial isolates, respectively (Table 4.4). These 

genes were not detected in other selected Pseudomonas spp. (n=3) that did not show 

inhibition towards botryosphaeriaceous species from Chapter 3 (Figure 4.2). Several 

bacteria (n=5) contained multiple antibiotic producing genes (phenazine or pyrrolnitrin or 

HCN). These antibiotic genes were between 86-99% similar in nucleotide sequence to 

known antibiotic genes in the GenBank database (Appendix C.6). In addition, 2,4-DAPG 

and pyoluteorin producing genes were not detected in any tested isolate. 

 
 
Table 4.4 Presence of antibiotic producing gene(s) among tested endophytic bacteria 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* 2,4 DAPG (2,4-diacetylphloroglucinol); Phz (phenazine); Prl (pyrrolnitrin); Plt (pyoluteorin); HCN (hydrogen 
cyanide) 

 

 

 

 

 

Isolate 
Presence (+) or absence (-) of  

antibiotic producing gene* 

2,4-DAPG Phz Plt Prl HCN 
Pseudomonas sp. I2R21 - + - + - 
Burkholderia sp. W4R11 - + - + - 
Burkholderia sp. W6R12A - + - + - 
Serratia sp. W1R31 - - - + - 
Pseudomonas sp. W1R33 - + - + + 
Pseudomonas sp. W7R11 - - - - + 
Pseudomonas sp. W7R13 - - - - + 
Pseudomonas sp. W7R21 - + - - + 
Pseudomonas sp. W7R22 - - - - + 
Pseudomonas sp. W7R31 - - - - + 
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Figure 4.2 Agarose gel showing amplification of antibiotic producing genes in tested bacterial isolates. M: 1kb plus ladder (Invitrogen), 1: 
Pseudomonas sp. I2R21 (antagonist), 2: Burkholderia sp. W4R11 (antagonist), 3: Burkholderia sp. W6R12A (antagonist), 4. Pseudomonas 
sp. M3R43 (non-antagonist), 5: Pseudomonas sp. I3R22A (non-antagonist), 6: Pseudomonas sp. W3R12 (non-antagonist), 7: Pseudomonas 
sp. W1R33 (antagonist), 8: Pseudomonas sp. W7R11 (antagonist) and 9: Pseudomonas sp. W7R13 (antagonist). 
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control (Figure 4.5). For N. parvum G22a3 (highly virulent), endophytic bacterial 

inoculation treatment had a significantly effect on lesion length (P=0.016; Appendix 

C.13.2) and endophytic colonization (P=0.004; Appendix C14.2). Lesions produced by N. 

parvum G22a3 in potted vines inoculated with Pseudomonas sp. W1R33 (both wild type 

and rifampicin resistant mutant) were significantly smaller (58.0 mm and 84.3 mm) 

compared to the positive control (122.7 mm) (Figure 4.5). Both the wild type and 

rifampicin resistant mutant strains of this bacterium also decreased the endophytic 

movement of N. parvum G22a3 beyond the lesion compared with the untreated control, 

with there being no significant difference between the wild type and rifampicin resistant 

mutant strains (Figure 4.5). Pseudomonas sp. I2R21 inoculation did not reduce lesion 

length or endophytic movement by N. parvum G22a3 (Figure 4.5).  
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Figure 4.5 Effect of wild type (WT) and rifampicin resistant mutant (RIF) strains of the endophytic bacteria Pseudomonas sp. I2R21 and 
Pseudomonas sp. W1R33 on mean lesion length (white bar) and endophytic movement (grey bar) of Neofusicoccum parvum isolate MM562 
(medium virulent) (left) and isolate G22a3 (highly virulent) (right) on potted grapevines after 2 months. For each N. parvum isolate, the different 
letter (upper case for lesion length and lower case for endophytic movement) on each column indicates significantly different lesion length at 
P≤0.05 according to LSD. LSD (5%) lesion length caused by N. parvum MM562 = 44.5, LSD (5%) endophytic movement of N. parvum MM562 
= 50.7, LSD (5%) lesion length caused by N. parvum G22a3 = 38.2 and LSD (5%) endophytic movement of N. parvum G22a3 = 47.6. Mean of 
6 replicated plants per treatment.
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For both N. luteum ICMP16678 (medium virulent) and G51a2 (highly virulent), endophytic 

bacterial inoculation treatment significantly affected lesion length (P=0.038 and P=0.041; 

Appendices C.13.3 and C.13.4, respectively) and endophytic colonization (P=0.047 and 

P=0.001; Appendices C14.3 and 14.4, respectively). Inoculation with both the wild type 

and rifampicin resistant mutant strain of Pseudomonas sp. I2R21 significantly reduced 

lesion length and endophytic movement of N. luteum regardless of the virulence level of 

the pathogen (Figure 4.6). Inoculation with Pseudomonas sp. W1R33 did not significantly 

reduce lesion length or endophytic movement of either N. luteum isolate (Figure 4.6). 

Both the wild type and rifampicin resistant mutants behaved similarly towards N. parvum 

and N. luteum (Figure 4.5 and Figure 4.6).
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From experiment 2 Pseudomonas sp. W1R33 and Pseudomonas sp. I2R21 were 

recovered from the grapevine canes. The endophytic movement of the bacterium was not 

consistent between pathogen inoculation treatments (Figure 4.7). No rifampicin resistant 

bacteria were recovered on NARif100 from the negative control. Thus, the negative control 

treatment was not included in the analysis. There was a significant effect of pathogen 

inoculation treatment on endophytic movement of Pseudomonas sp. W1R33 (P=0.030, 

Appendix C.15.1) with movement being significantly greater in vines inoculated with N. 

parvum G22a3 (highly virulent) than in vines inoculated with N. luteum ICMP16678 

(medium virulent) (Figure 4.7). None of the other treatments differed significantly. There 

was also a significant effect of pathogen inoculation treatment on endophytic movement 

of Pseudomonas sp. I2R21 (P=0.002, Appendix C.15.2) with endophytic movement being 

significantly greater in vines inoculated with N. luteum G51a2 (highly virulent) than in 

vines inoculated with N. parvum G22a3 (highly virulent) or N. parvum MM562 (medium 

virulent) (Figure 4.7). Endophytic movement was also significantly greater in vines 

inoculated with N. luteum ICMP16678 (medium virulent) compared with inoculated with N. 

parvum G22a3 (highly virulent). None of the other treatments differed significantly. 

Genotyping using ERIC PCR showed that the bacteria recovered from the grapevine 

tissue on agar containing rifampicin were Pseudomonas sp. I2R21 and Pseudomonas sp. 

W1R33 (Appendices C.10.2-5).  
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4.4 Discussion 

Endophytic bacteria from L. scoparium showed in vitro potential as biocontrol agents 

(Chapter 3). The ability of these endophytes to suppress botryosphaeriaceous species in 

planta was investigated as i) the pathogens are common endophytes of L. scoparium, yet 

there is no evidence that they cause disease, ii) they are latent pathogens of many woody 

hosts and therefore endophytes may be a useful biocontol strategy, and iii) they are a 

significant problem in the economically significant viticulture industry and there are few 

options available for their control. In New Zealand, biocontrol to combat trunk diseases in 

grapevine is understudied. This chapter demonstrated that endophytic bacteria from L. 

scoparium could be transferred to grapevines as a heterologous host, in which they could 

colonize, persist and exert their biocontrol properties. Biocontrol activity in planta was 

most likely through production of diffusible and volatile compound(s).  

In New Zealand, as in other countries, grapevine trunk decline is caused by more than 

one Botryosphaeriaceae species (Baskarathevan et al., 2012a; Billones-Baaijens et al., 

2013). Baskarathevan et al. (2012a) also showed that multiple species of 

Botryosphaeriaceae were present in the vineyards surveyed. Therefore, by testing with 

multiple pathogen species, endophytic bacteria that can inhibit a broad range of 

pathogens can be selected as they would be the most useful when applied under field 

conditions. In this study, antagonism of selected endophytic bacteria toward the six 

different botryosphaeriaceous species (N. luteum, N. parvum, N. ribis, N. australe, D. 

mutila and D. seriata) that collectively represent the main pathogens of grapevines in New 

Zealand was assessed.  

In vitro assays demonstrated that members of the L. scoparium endomicrobiome could 

inhibit radial growth of botryosphaeriaceous species by the production of diffusible and/or 

volatile compound(s). A similar result was reported by Chaurasia et al. (2005) with an 

antagonistic strain of Bacillus subtilis which were isolated from rhizosphere soil 

demonstrated to inhibit four phytopathogenic fungi (Alternaria alternata, Cladosporium 

oxysporum, Fusarium oxysporum and Pythium afertile) and induced hyphae abnormalities 

due to the production of diffusible and volatile inhibitory compounds. A study by Tenorio-

Salgado et al. (2013) reported that Bukrholderia tropica produced volatile inhibitory 

compound and changed the morphology of hyphae of four phytopathogenic fungi 

(Colletotrichum gloeosporioides, F. culmorum, F. oxysporum and Sclerotium rolfsii). In 

this study, most of the bacteria reduced growth of the pathogen by more than 30% 

through the production of diffusible and volatile inhibitory compound(s) which was similar 

to the studies of Chaurasia et al. (2005) and Tenorio-Salgado et al. (2013). 
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Antibiotic production is likely the main mechanism by which the bacteria inhibited the 

botryosphaeriaceous species in this study. From the plate assay, abnormalities in hyphal 

morphology and clear inhibition zone in dual culture assay were indicators of antibiotic 

activity produced by the bacteria (Swadling & Jeffries, 1996; Kavitha et al., 2005; Tenorio-

Salgado et al., 2013). To determine whether the production of antibiotics may contribute 

to antagonism of these pathogens the genes for production of phenazine, pyrrolnitrin and 

HCN were amplified by PCR. All of the 10 most inhibitory isolates were shown to contain 

at least one gene for production of an antibiotic that has previously been implicated in 

biocontrol, as reviewed by Haas & Keel (2003). These bacteria with one or more of these 

genes encoding antibiotics belonged to the genera Pseudomonas, Burkholderia and 

Serratia which is consistent with the literature (Raaijmakers et al., 2002; de Souza & 

Raaijmakers, 2003; Haas & Keel, 2003; Kamensky et al., 2003). A study by Kavitha et al. 

(2005) showed that exposure to phenazine from P. chlororaphis PA23 induced hyphal 

swelling in Rhizoctonia solani. All of the endophytic bacteria that demonstrated inhibition 

in the volatile assay were shown to be positive for the HCN production gene, which is 

known to be a volatile antibiotic (Haas & Keel, 2003). Several studies have shown the 

importance of these antibiotics in the ability of bacteria to inhibit fungal pathogens such as 

Seiridium cardinale (cypress canker), Thielaviopsis basicola (black root of tobacco) and 

Sclerotinia sclerotium (stem rot of canola) (Voisard et al., 1989; Selin et al., 2010; Raio et 

al., 2011). This is the first study to isolate endophytic bacteria from a New Zealand native 

medicinal plant with potency to produce antibiotics as biocontrol candidates. However, 

this study only used partial of 16S rRNA gene to identify the endophytic bacterial strains 

and this is insufficient to identify to species or strain level. Thus, further study using a 

complete 16S rRNA gene or another housekeeping gene such as gyrB and rpoD (Sarkar 

& Gutman, 2004) is needed to obtain full taxonomic identification of the endophytic 

bacteria.  

Three strains namely Pseudomonas sp. I2R21, Burkholderia sp. W4R11 and Burkholderia 

sp. W6R12A were selected for in planta study due to a higher inhibition activity compared 

to other isolates. Furthermore, those isolates were also the only isolates that 

demonstrated high inhibition toward Ilyonectria spp., the causal agent of black foot 

disease in grapevine (Chapter 3). One of the most significant challenges of this study was 

to confirm transfer of these endophytic bacteria from L. scoparium to grapevines as a 

heterologous host. As plants are normally inhabited by a diverse community of 

microorganisms, spontaneous rifampicin mutants were used to distinguish the applied 

biocontrol bacterium from this background microflora (Glandorf et al., 1992; Zinniel et al., 

2002; Bolstridge et al., 2009). This approach has several advantages. It allows the 
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detection of live bacteria whereas using a PCR approach it is often difficult to distinguish 

between live and dead bacteria (Kloepper & Beauchamp, 1992). Spontaneous rifampicin 

mutants are considered stable and less transferable than a plasmid-borne marker 

(Compeau et al., 1988). Spontaneous rifampicin mutants are also relatively less laborious 

and time consuming to develop compared to other technique such as immunofluorescent 

colony staining and nucleic acid hybridization (Kloepper & Beauchamp, 1992). This 

technique, coupled with genotyping by ERIC-PCR, provided a high degree of confidence 

in identification and was used to determine the movement and persistence of the 

biocontrol bacteria.  

Since the ultimate goal for control of Botryosphaeriaceae is the protection of wound tissue 

and control of latent internal infection, endophytic colonization of grapevine tissue by the 

potential biocontrol agent was a requirement. For endophytic bacteria this means gaining 

entry to the internal tissues of the host and colonising the target tissue. In this study two 

methods of application were assessed which were potting mix drenching and cane 

wounding. Drenching was used as many of the endophytic bacteria originated from root 

tissue of L. scoparium and this may therefore be the preferred site of entry. In other plant 

systems bacteria have been shown to migrate to above ground tissue from the roots 

(Compant et al., 2010), and thereby exert their biocontrol effect. However, 

Botryosphaeriaceae species are not root pathogens and usually infect grapevines through 

wounds to the trunk and foliage. These wounds can be caused by management practices 

such as pruning, through damage during harvest or natural processes such as wind or 

frost damage (Amponsah et al., 2012). Thus, by inoculating the endophytic bacteria 

directly on wounds it would be occupying the infection court of the pathogen.   

In this study, the failure of the bacteria to colonize the grapevine canes when applied as a 

drench indicated these bacterial strains could not migrate from the potting mix into the 

canes during the timeframe of the experiment. Despite this, all the bacteria tested were 

able to survive in the potting mix with different levels of persistence, but were never 

detected in the canes. A similar result was reported by Musson et al. (1995) in that all of 

the tested bacteria (n=7; belonging to Enterobacter and Clavibacter) could not be 

detected from surface-sterilized cotton stems 14 days after inoculation when applied by 

soil drenching. Bressan & Borges (2004) reported two of the ten Bacillus strains tested 

were not recovered from maize stems after 15 days after inoculation when applied as a 

soil drench treatment. Plant barriers such as cell wall, antimicrobial toxins or other 

inducible defence mechanisms (Hallmann, 2001; Balmer et al., 2012) might inhibit 

bacteria in this study to move from the potting mix to above ground tissue of plants.  
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The results have shown that wounded tissue is receptive to colonization by the 

endophytic bacteria and that once inoculated the bacteria can colonize the interior tissue 

around the wound. Several biocontrol studies have used wounding treatments to 

inoculate bacteria and allow them to colonize the internal tissue of the plant host including 

in grapevines, table grapes and brassicas (Wulff et al., 2002; Schena et al., 2003; Kotze 

et al., 2011; Rezgui et al., 2016). In this study, Pseudomonas sp. I2R21 was able to 

colonize the wounding site and establish its colonization for at least 6 months in the 

grapevine cane. Artificially created wounds were considered to provide a suitable entry 

point for subsequent bacterial colonization and also favourable conditions for the bacteria 

due to leakage of plant exudates which may act as a nutrient source for bacteria 

(Hallmann et al., 1997). A study by Bressan & Borges (2004) demonstrated that a pruned 

treatment, in which there was mechanical cutting of 50% of root mass (considered as a 

wounded treatment), then submerging in a bacterial inoculum for 2 min prior to 

transplanting, gave a relatively higher endophytic colonization in maize tissue compared 

to other delivery methods i.e. seed treatment, foliar spraying and soil drenching. The 

authors suggested that direct exposure of the bacteria to pruned roots allowed the 

bacteria to colonize the maize tissue. In this study, expansion of bacteria colonization 

might be facilitated by vascular stem tissue as a transport channel for bacteria to migrate 

from the wounding site (Bressan & Borges, 2004; Compant et al., 2010). In the context of 

biocontrol, the success of using wounded trunks as an entry point for the bacteria 

indicated that the bacteria could be effectively applied as a wound protectant against 

botryosphaeriaceous species. However, the spontaneous rifampicin mutants used to 

monitor the movement of bacteria do not enable the visualization of bacterial colonization 

in the plant which might be needed to determine the localisation of the bacteria and their 

population in the grapevine tissue. Fluorescence in situ hybridization confocal laser 

scanning microscopy (FISH/CLSM) could be used for further study to enable visualisation 

of the location of the bacteria and determine their population in microbe-plant systems 

(Piccolo et al., 2010; Cardinale, 2014). In order to determine the impact of biocontrol 

inoculation on the pathogen population in planta, quantification of the relative ratio of the 

biocontrol agent and the pathogen could be done using qPCR analysis (Pujol et al., 2006; 

Lanteigne et al., 2012; Fan et al., 2016). 

Not all endophytic bacteria recovered from L. scoparium could be transferred to another 

host suggesting some are host specific in their associations. The two strains that 

belonged to the genus Burkholderia were not established in the grapevine canes using 

either inoculation method. This is despite examples in the literature of members of the 

same genera being transmitted to other hosts. One isolate from this genus, Burkholderia 
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sp. strain PsJN has been extensively studied as an endophyte of a broad range of hosts. 

This bacterium was recovered from onion (Nowak et al., 1997) and able to be transferred 

to other hosts such as chickpea (Sessitsch et al., 2005), potato (Bensalim et al., 1998), 

tomato (Sharma & Nowak, 1998) and also grapevine (Barka et al., 2002). In contrast with 

the current study, Burkholderia sp. strain PsJN was reported to colonize the root surface 

and spread into the above ground grapevine stem and leaf tissue, via the xylem vessels 

(Compant et al., 2005b). In contrast, of the ten strains belonging to the genus Bacillus 

tested, two did not colonize maize stem tissue when delivered using a soil drenching 

treatment (Bressan & Borges, 2004). A similar study by Germaine et al. (2004) 

demonstrated three Pseudomonas spp. isolates to differ in their abilities to colonize 

different tissue types of poplar trees. In that study, one strain (Pseudomonas sp. VM1450) 

colonized all parts of poplar trees (leaf, stem and root) including the rhizosphere, whereas 

another strain (Pseudomonas sp. VM1453) colonized the rhizosphere, root and stem and 

the remaining strain (Pseudomonas sp. VM1449) only colonized the rhizosphere and root 

tissue. Together with the results of these studies, this study suggested that different 

species or isolates within a genus have different abilities to colonize plants and plant 

tissue types. Differences in motility and cell-wall degrading enzyme activities might 

contribute to the variation in the ability of bacteria to colonize the plant (Germaine et al., 

2004; Hardoim et al., 2008). 

In this study grapevines were colonized by the endophytic bacteria prior to pathogen 

challenge. It is unclear how essential this process is and whether better performance of 

the biocontrol agent could be achieved by a longer or shorter colonization period. 

Pseudomonas sp. I2R21 and Pseudomonas sp. W1R33 were inoculated one month 

before challenged by N. parvum and N. luteum to provide opportunity for the bacteria to 

establish their colonization then improve their competitiveness. A study by Halleen et al. 

(2010) suggested that reduction of Eutypa dieback is related to colonization of the 

grapevine pruning wounds by biocontrol agents (Trichoderma harzianum and Bacillus 

subtilis). Several studies have indicated that biocontrol is more effective when the agents 

are inoculated before the pathogen (John et al., 2005; Halleen et al., 2010). Furthermore, 

several studies have also demonstrated that both wounded green shoots and trunks of 

grapevines can remain susceptible to pathogen infection for some time after pruning 

(Úrbez-Torres & Gubler, 2011; Shafi, 2016). The persistence of bacteria namely 

Pseudomonas sp. I2R21 for at least six months after inoculation in this study might 

provide long term protection against fungal pathogen infection.  

Following transmission and colonization of the new host Pseudomonas sp. I2R21 and 

Pseudomonas sp. W1R33 were able to inhibit the pathogens. This is the first time that 
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endophytic bacteria from a New Zealand native medicinal plant with biocontrol potential 

has been shown to be transmitted to a new host and express their bioactivity. These 

isolates inhibited movement of N. parvum and/or N. luteum and reduced the development 

of lesions on canes by the pathogens. Since the endophytic bacteria were able to inhibit 

radial colony growth and induce deformations in the hyphae through antibiosis in vitro, a 

similar mechanism in planta is likely to have occurred, although this was not directly 

proven. Studies reported that antibiotic-producing bacteria can produce inhibitory 

compounds in vitro and in situ to suppress fungal pathogens (Thomashow et al., 1990; 

Raio et al., 2011). Inoculation with Pseudomonas sp. I2R21 and Pseudomonas sp. 

W1R33 inhibited the spread of the pathogen in canes therefore reduction in lesion 

development by the pathogen likely occurred. Future studies are necessary to determine 

the biocontrol ability of knockout mutants deficient in antibiotic production ability to confirm 

a relationship between antibiosis and biocontrol performance, (Haas & Défago, 2005). 

Apart from antibiosis being the mechanism of action, inoculation of the plants with 

endophytic bacteria may induce systemic resistance. This mechanism has been shown to 

reduce disease severity caused by plant pathogens such as Pectobacterium 

atrosepticum, a causal agent of soft rot disease in potato (Pavlo et al., 2011) and Botrytis 

cinerea, a causal agent of grey mould disease in grapevine (Verhagen et al., 2010). 

Evidence of species, or isolates within a species, specific antagonism by the endophytic 

bacteria were shown in this study. Pseudomonas sp. W1R33 demonstrated inhibition of 

lesion development and colonization by one of the N. parvum strains, namely G22a3, 

whereas Pseudomonas sp. I2R21 inhibited both of the N. luteum strains. Although 

Pseudomonas sp. I2R21 and Pseudomonas sp. W1R33 inhibited N. parvum MM562 

movement in the second antagonist experiment, no reduction in lesion length was 

observed in the first and second of antagonistic experiment in grapevine inoculated with 

N. parvum MM562. In contrast, Pseudomonas sp. W1R33 inhibited lesion length and 

movement of N. pavum G22a3. Since both bacterial isolates were shown to inhibit 

multiple botryosphaeriaceous species in vitro, antagonism to specific species or isolate in 

planta indicated that the in vitro assay might not provide the best method for identifying 

antagonists which is consistent with other studies (Schottel et al., 2001; Xiao et al., 2002; 

Ghazalibiglar et al., 2016a). Kotze et al. (2011) demonstrated that Bacillus subtilis 

inhibited both N. parvum and N. australe in vitro though antibiotic production. However, 

this strain only reduced Botryosphaeriaceae incidence in grapevines challenged with N. 

australe but not in grapevines challenged with N. parvum (Kotze et al., 2011). This study 

suggested that when testing biocontrol candidates, it will be important to use more than 
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one species and/or isolates with different levels of virulence. Two possible explanation 

why the specific antagonism occurred will be discussed in the next paragraph. 

Physiological condition in the grapevine might have affected the antagonism by the 

endophytic bacteria. Disease suppression by bacteria depends on their ability to produce 

inhibitory compound(s) to the pathogens (Thomashow et al., 1990). Strains tested in this 

study harboured multiple antibiotic producing genes that might be responsible for 

antagonism in planta. However, the production and activity of antibiotics by 

pseudomonads in planta can be affected by both the native microflora colonising the plant 

as well as the host plant itself (Haas & Keel, 2003). For example, expression of phenazine 

by P. chlororaphis PCL1391 was shown to be affected by fusaric acid, a secondary 

metabolite produced by Fusarium spp. (van Rij et al., 2004). In fact, Fusarium spp. 

associated with grapevines have been reported from several studies including in New 

Zealand (Grasso, 1984; Edwards et al., 2007; Dore, 2009). Further, the composition of 

plant exudates is likely to regulate the expression of the antibiotics, although the 

biochemical and genetic mechanisms have not been clarified (Haas & Keel, 2003). This 

therefore may have resulted in the partially disruption of the antagonism mediated 

antibiotic, and as a result the bacterial strains were only effective at inhibiting certain 

fungal species or isolates.  

The presence of specific pathogen species or isolates influenced the antagonism and 

colonization of the endophytic bacteria. Mazzola et al. (1995) demonstrated that isolates 

of Gaeumannomyces graminis var. tritici varied in sensitivity in vitro to the antibiotics 

produced by Pseudomonas spp. This may explain the variability in biocontrol performance 

toward two different isolates of N. parvum in planta by Pseudomonas sp. W1R33. 

Furthermore, Pseudomonas sp. W1R33 showed limited colonization of canes inoculated 

with N. luteum compared to N. parvum, whereas, colonization of Pseudomonas sp. I2R21 

showed the opposite pattern. Mazzola & Cook (1991) also reported that different Pythium 

species influenced colonization of two different Pseudomonas species in the wheat 

rhizosphere. The different phytotoxic metabolites produced by N. parvum and N. luteum 

(Martos et al., 2008) might also differently affect the movement and establishment of 

bacterial endophytes in planta. The colonization of biocontrol agents in planta affects 

biocontrol performance (Roberts et al., 2005), and any factors causing variable 

colonization may contribute to the somewhat inconsistent biocontrol performance 

observed in this study. The sensitivity of biocontrol candidates to the phytotoxic 

metabolites produced by these fungal pathogens could be integrated into the screening 

assays to improve isolate selection. In addition, using multiple bacterial strains might be 
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suitable for control of trunk disease since multiple fungal pathogens are present in the 

field (Baskarathevan et al., 2012a; Billones-Baaijens et al., 2013). 

The pathogenicity/biocontrol assays presented in this chapter do not completely reflect 

the natural situation in the field. As with many published reports the pathogenicity studies 

described here used mycelium as inoculum although, in nature, infection and spread of 

these pathogens is likely to be via conidia (Taylor et al., 2005; Amponsah et al., 2008). 

However, since mycelial inoculation is often viewed as being more aggressive, due to the 

pathogen having already achieved germination and rapid growth through absorbing 

nutrients through the mycelium (Amponsah et al., 2011) this is likely to represent a much 

harsher assay for evaluation of potential biocontrol efficacy than what would be 

experienced in the field. In the field low concentrations of conidia are likely to land on 

wounded surfaces and can cause infection (Shafi, 2016). Thus a better approximation of 

control could be done by using differing concentrations of conidia as inoculum. A further 

study is also needed to determine effect of bacterial inoculation on spore germination. 

In conclusion, L. scoparium contains endophytic bacteria that demonstrated abilities to 

control trunk disease in grapevines. The proof of concept described here demonstrated 

that endophytes with biocontrol activity reside as a natural resource in L. scoparium and 

these can be transferred to a heterologous host and exert their biocontrol activity. The 

antagonism is likely mediated through antibiosis both in vitro and in planta. Evidence of 

control and the ability of the endophytes to colonize, multiply and persist indicates that 

using endophytes as a wound dressing may be an ideal strategy to break the pathogen 

infection cycle in the vineyard. Strains such as these may provide a durable option to 

address the intractable problem posed by the Botryosphaeriaceae in New Zealand 

nurseries and vineyards.  
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5 Chapter 5 
Biological control potential of endophytic bacteria 

against  
Pseudomonas syringae pv. actinidiae (Psa) 

 
This work has been published  
Wicaksono, W. A., Jones, E. E., Casonato, S., Monk, J., & Ridgway, H. J. (2017). 
Biological control of Pseudomonas syringae pv. actinidiae (Psa), the causal agent of 
bacterial canker of kiwifruit, using endophytic bacteria recovered from a medicinal 
plant. Biological Control. http://doi.org/10.1016/j.biocontrol.2017.03.003 

 

5.1 Introduction 

Biocontrol using endophytic bacteria from medicinal plants is a strategy to control plant 

diseases. Leptospermum scoparium produces an essential oil with antimicrobial 

properties against pathogenic bacteria and fungi (Lis-Balchin et al., 2000; van Klink et al., 

2005). In addition, it is possible that plants recognised for their antimicrobial metabolites 

may also contain microbes with abilities to produce similar compounds to their hosts 

(Brader et al., 2014). This makes L. scoparium a good source for biocontrol agents for 

bacterial diseases. In Chapter 3 and 4, bacterial endophytes from L. scoparium with 

antimicrobial properties were used as candidate biocontrol agents against 

Botryosphaeriaceae. These fungal pathogens are common endophytes in L. scoparium 

(McKenzie et al., 2006) but also recognized as the causal agents of trunk diseases in 

grapevine (Baskarathevan et al., 2012a; Billones-Baaijens et al., 2013). In that chapter, 

the Botryosphaeriaceae were targeted for biocotrol as it does not cause disease in L. 

scoparium and thus, it is a pathogen group that endophytes of L. scoparium may have 

encountered and suppressed before.  

In contrast to Chapter 4, in this chapter the endophytic bacteria with antimicrobial 

properties from L. scoparium were challenged with a bacterial pathogen that they are 

unlikely to have encountered before. Pseudomonas syringae pv. actinidiae (Psa), the 

causal agent of bacterial canker in kiwifruit, was used as a model system. There is no 

report in literature that Psa colonize L. scoparium. In a similar manner to Chapter 4, this 

chapter will also be used to complete a “proof a concept” that endophytes from L. 

scoparium with biocontrol ability can be transferred to kiwifruit as a second heterologous 
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host and maintain their biocontrol activity. Since Psa can live endophytically and cause 

vascular symptoms in kiwifruit (Bartoli et al., 2015) endophytic bacteria from L. scoparium 

that share a similar niche with the pathogen are a potentially useful source of biocontrol 

agents.  

The first report of bacterial canker disease caused by Psa was documented in Shizuoka, 

Japan in 1984 in Actinidia deliciosa (Serizawa et al., 1989). Based on biochemical, 

genetic and pathogenicity characteristics, Psa were grouped into four biovars (Vanneste 

et al., 2013). Biovars 1, 2 and 3 are considered as aggressive biovars that can cause 

canker and shoot dieback, whereas, biovar 4 is less aggressive and causes only leaf 

spots (Vanneste et al., 2013; Cunty et al., 2015). In New Zealand, Everett et al. (2011) 

first identified the occurrence of this disease infecting A. chinensis cultivar Hort16A. Later, 

Vanneste et al. (2013) reported that Psa isolated from New Zealand belonged to biovars 3 

and 4. Despite considerable attempts to avoid the spread of the disease, the pathogen 

has spread widely with 2775 Psa positive orchards and more than 89% (12,214 ha) of the 

kiwifruit orchards now contain at least some infected vines (Kiwifruit Vine Health, 2015). 

Development of disease preventative management strategies for bacterial canker caused 

by Psa are fundamentally important yet very problematic. Crop spraying with streptomycin 

or copper has been shown to control the disease (Cameron & Sarojini, 2014). However, 

both of these chemicals showed phytotoxicity, induction of bacterial resistance and 

persistence of residual chemical in fruit (Serizawa et al., 1989; Nakajima et al., 2002; 

Vanneste et al., 2003; Cameron & Sarojini, 2014). Breeding programs to obtain resistant 

cultivars are also underway but the process is slow (Young, 2012). Therefore, there is a 

need to develop alternative control strategies such as biocontrol using endophytes which 

can be integrated into the Psa disease management.  

Since most studies have only focussed on utilizing chemicals to control this disease, this 

chapter will provide more insight into the potential use of endophytic bacteria as biocontrol 

agents to combat bacterial diseases. The objectives of this study were (i) to develop a 

system for inoculation of endophytic bacteria originating from L. scoparium into kiwifruit 

and (ii) to determine their antagonist activity to inhibit Psa in vitro and in planta.  
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5.2 Materials and Methods 

5.2.1 Bacterial culture 

A total of five bacteria recovered from the stem and root tissue of L. scoparium had 

demonstrated antagonism towards Psa in vitro, with inhibition zones ≥ 10 mm in diameter. 

These had been identified based on the sequence of the 16S rRNA gene (Chapter 3; 

Section 3.3.2.4 and 3.3.3). These were Pseudomonas sp. R4R21AP, Pseudomonas sp. 

T1R12P, Pseudomonas sp. T1R21, Pseudomonas sp. T4MS32AP and Pseudomonas 

T4MS33. Pseudomonas syringae pv. actinidiae strain 10627 biovar 3 (Psa) was obtained 

from the Bio-protection Research Centre culture collection and this strain had been shown 

to be virulent on kiwifruit (Dr Christine Stark pers. comm., 2014; Vanneste et al., 

2013).The endophytic bacteria were subcultured from -80°C stock (described in section 

3.2.1) onto nutrient agar (NA) (Oxoid, Thermo Fisher Scientific Inc.). Psa was subcultured 

onto peptone sucrose agar (Appendix B.1) at 25oC in the dark for 2 days prior to use on 

agar and in liquid assays.  

 

5.2.2 Assessment of inhibition mechanism 

5.2.2.1 Dual culture assay 

A dual culture assay was used to evaluate antagonism due to production of diffusible 

compound(s). A 100 µL aliquot of a two day-old Psa culture grown in descriptor peptone 

sucrose broth (dPSB) was spread onto peptone sucrose agar. The dual culture assay was 

carried out by placing a 6 mm filter paper disc that had been dipped in an overnight 

culture of one of the endophytic bacterium grown in nutrient broth (NB; Difco, Becton, 

Dickinson and Company) onto the centre of the peptone sucrose agar containing the lawn 

of Psa. As a negative control, plates were inoculated only with Psa and a disc dipped in 

sterile NB. Each treatment was replicated three times. The ability of the endophytic 

bacteria to inhibit the growth of Psa was determined after 3-day incubation at 25oC in the 

dark by measuring the width of the clear zone that formed between endophytic bacterium 

and Psa using a digital calliper. 

 

5.2.2.2 Volatile assay 

A two-compartment peptone sucrose agar plate that contained the endophytic bacterium 

and Psa was used to evaluate antagonism due to production of volatile compound(s). A 
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100 µL aliquot of an overnight culture of the endophytic bacterium grown in NB was 

spread in the first compartment and incubated for 2 days before Psa inoculation. Psa was 

inoculated into the second compartment by spreading a 100 µL aliquot of two days old of 

Psa culture grown in dPSB then the plate was sealed tightly after inoculation using 

Parafilm™ and plastic wrap and incubated at 25°C for a further 3 days in the dark. As a 

control, a compartment without inoculation of the endophytic bacterium was used. The 

ability of the endophytic bacterium to inhibit the growth of Psa was visually evaluated 

(visible growth/no growth). 

 

5.2.3 Detection of antibiotic producing gene using PCR 

DNA of Pseudomonas sp. R4R21AP, Pseudomonas sp. T1R12P, Pseudomonas sp. 

T1R21, Pseudomonas sp. T4MS32AP and Pseudomonas T4MS33 was extracted using 

PureGene (Qiagen) following the manufacturer’s procedure. Five genes that encode the 

production of antibiotics, namely 2,4-diacetylphloroglucinol (phlD gene), phenazine (phzC 

gene), pyrrolnitrin (prnC gene), pyoluteorin (pltC gene), and hydrogen cyanide (hcnBC 

gene) were detected as described in Section 4.2.3. To check whether the presence of an 

antibiotic gene correlated with inhibition, three bacterial endophytes Pseudomonas sp. 

M3R43, Pseudomonas sp. I3R22A and Pseudomonas sp. W3R12 that had not shown 

any inhibition towards Psa (Chapter 3) were also included. PCR products corresponding 

to the expected size for each antibiotic producing gene were excised and purified using 

the HighPure PCR product purification kit (Roche, Germany) as described in Section 

4.2.3. The PCR products were sequenced directly and sequence results were compared 

with DNA sequences present on the protein database in the NCBI database 

(www.ncbi.nlm.nih.gov) using the BLASTX algorithm.  

 

5.2.4 Experiment 1 - Antagonistic effect of selected endophytic bacteria towards 
Pseudomonas syringae pv. actinidiae  

The experiment was conducted during summer in December 2014 until March 2015 using 

tissue cultured plantlets (Actinidia deliciosa var. deliciosa cultivar Hayward) obtained from 

a commercial nursery (Multiflora Laboratories Ltd). The plantlets were transplanted into 

trays containing 3-4 months potting mix as described in Section 3.2.4.2 for 

acclimatization. The plantlets were placed in a greenhouse, covered with transparent 
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plastic to maintain high humidity and gently sprayed with water as required. The plantlets 

were acclimatized for 4 weeks with temperature range 15-24oC.  

After the 4-weeks acclimatization period, the plants were inoculated with Pseudomonas 

sp. R4R21AP, Pseudomonas T1R12P, Pseudomonas sp. T1R21, Pseudomonas sp. 

T4MS32AP, and Pseudomonas T4MS33 by spraying foliar tissue. Foliar spraying was 

done by placing the kiwifruit plants in a humidity chamber to induce stomatal opening. 

Cultures of each bacterium were prepared as described in Section 3.2.4.2. Each of the 

five bacteria were prepared at an inoculum concentration of approximately 108 CFU/mL 

based on their standard growth curves (Appendix D.1), were sprayed onto stem and leaf 

surfaces to run off and placed back into the humidity chamber for 2 h. As a negative 

control, plants were sprayed with phosphate buffered saline (PBS). The plants were then 

placed in the greenhouse at ambient temperature with natural light, watered as required 

and grown for another 4 weeks until inoculation with Psa.  

As Psa is an unwanted organism, the experimental exposure of the plants to Psa was 

done in the PC2 growth room in the Biotron Facility, Lincoln University. Four weeks after 

inoculation with the endophytic bacteria the plants were inoculated with Psa. A Psa 

culture was grown in a 50 mL tube (Axygen, USA) containing 30 mL dPSB for 48 h on a 

shaking incubator (200 rpm at room temperature). A 5 μL (approximately 108 CFU/mL) 

aliquot of this culture was injected beneath the surface of the main stem at a position 

approximately half the total height of the plant, using a 10 μL sterile pipette tip (Axygen, 

USA). As a positive control, plants without any endophytic bacterial inoculation were 

wounded and injected with Psa. As a negative control, plants without any endophytic 

bacterial inoculation were wounded and injected with sterile PBS. The plants were placed 

in transparent plastic box containers (4 plants per each box) (Figure 5.1) to maintain 

humidity and watered as required until harvest. The experiment was conducted in a 

randomized complete design at 16°C day/13°C night, 65% humidity and 12-h dark/light 

photoperiods with eight replicates. 
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Figure 5.1 Transparant plastic box containing four kiwifruit plants.   
 

Lesion lengths were measured using a digital calliper 4 weeks after inoculation with Psa. 

Disease severity was evaluated by scoring for a range of symptoms as described by 

Hoyte et al. (2013) with some modifications (Table 5.1).  

 

Table 5.1 Symptoms of Pseudomonas syringae pv. actinidiae and weighted scores used 
for disease severity 

Psa 
symptoms Unit Disease score 

  0 1 2 3 
Stem lesion Mm 0 1-5 5-10 >10 
Bacterial 
ooze 

Presence/absence 0 At wound 
site only 

At wound site and 
else where 

 

Petiole 
collapse 

Number of petiole 0 1 2 3 

 

Assessment of the endophytic movement and population of Psa was done by aseptically 

cutting the main stem of six plants, selected using a random number generator on Excel 

from each treatment, into seven segments (1 cm length) at -5, -3, -1,0, 1, 3 and 5 cm 

above and below the site of Psa inoculation (Figure 5.2). Stem samples were surface 

sterilised by soaking in 96% ethanol for 10 s then transferred to 2% sodium hypochlorite 

solution for 3 min and subsequently rinsed 3 times in sterile water for 1 min each time, 

inside a laminar flow hood. Each surface-sterilised segment was crushed separately using 

sterile mortar and pestles in 10 mL phosphate buffered saline (PBS; pH 7.2) then serially 

diluted to 10 and 100 fold using PBS. One hundred microlitre aliquots from each dilution 

and the undiluted suspension were spread onto two plates of peptone sucrose agar. The 
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5.2.5 Endophytic colonization by selected bacteria under greenhouse conditions 

5.2.5.1 Spontaneous mutation using chloramphenicol 

In order to determine colonization success of the introduced endophytic bacteria and 

movement inside kiwifruit plants, spontaneous chloramphenicol mutants of the three 

bacteria that showed the highest antagonism from experiment 1 (Section 5.2.4) were 

produced. A pilot study (data not shown) had identified chloramphenicol as the best 

antibiotic to use as no wildtype bacteria from kiwifruit plants grew on media containing 

more than 50 ppm. The spontaneous mutants were developed by subculturing the 

selected isolates onto nutrient agar containing 10 ppm chloramphenicol (Sigma-Aldrich, 

Sigma-Aldrich Co. LLC) (NAChll0) followed by incubation at 25°C for 72 h. The bacteria that 

grew on NAChl10 were subcultured onto NA containing higher concentrations of 

chloramphenicol (10 ppm increment for each subculture) up to 100 ppm (NAChl100). To 

determine whether that spontaneous mutant was stable, the mutant of each bacterial 

strain was subcultured onto NA without chloramphenicol on five subsequent occasions 

and subcultured again onto NAChl100. To determine whether there was no change in the 

phenotypic traits, the ability of the spontaneous chloramphenicol strains to solubilize 

phosphate on tricalcium phosphate (TCP), produce siderophores on CAS and inhibit Psa 

on peptone sucrose agar were compared to the relevant wild type strains. The bioactivity 

assays were done as described in Section 3.2.2. For each of the three endophytic 

bacterial isolates, one stable spontaneous chloramphenicol resistant (100 ppm) mutant 

strain was selected, stored at -80°C in 25% glycerol (LabServ, Thermo Fisher Scientific 

Inc., New Zealand) and used for the remaining experiments.  

 

5.2.5.2 Pilot study to determine optimum endophytic bacterial inoculation strategy 

A pilot study was set up to determine the optimum inoculation strategy to allow 

colonization of endophytic bacteria in kiwifruit under greenhouse condition. The 

experiment was conducted during the summer season in August 2015 until October 2015. 

Cultivar Hayward was not available for purchase at this time. Thus, a more tolerant pre 

commercial release cultivar of A. deliciosa var. deliciosa was selected to determine if the 

endophytes could reinforce the tolerance of a commercially useful cultivars. Tissue 

cultured plantlets obtained from a commercial nursery were used in this experiment. The 

plantlets were acclimatized for 4 weeks as described in Section 5.2.4. 
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Two different inoculation methods (foliar spraying and stem wounding) with three different 

inoculum concentrations (105, 106 and 107 CFU/mL) were assessed. Foliar spraying was 

done as described in Section 5.2.4. The wounding treatment was done as described for 

Psa inoculation in Section 5.2.4. As a negative control, kiwifruit plants were sprayed and 

wounded with PBS. The inoculated kiwifruit plants were placed in a greenhouse at 

ambient temperature with natural light and watered as required until harvest. The 

experiments were conducted in a complete randomized design with five replicates. 

Evaluation of the endophytic movement and population size of the endophytic bacteria in 

kiwifruit plants was carried out 4 weeks post inoculation by sampling three representative 

upper healthy leaves of similar area size and aseptically cutting the main stem of each 

kiwifruit plant into seven equally sized segments (1 cm length) as described in Section 

5.2.4. Stems and leaves were surface sterilized as described in Section 5.2.4. The 

surface sterilized leaves were crushed using sterile mortar and pestles in 5 mL PBS 

buffer, then serially diluted to 10 and 100 fold using PBS. One hundred microlitre aliquots 

of each dilution and the undiluted suspension was spread onto duplicate NAChl100 plates to 

determine endophytic bacterial populations in planta by counting the number of colonies 

after 7 days incubation in the dark at 25oC.  

Bacterial colonies that grew during this incubation period were subcultured onto fresh 

NAChlo100 and random representatives of the recovered bacteria (n=10) were genotyped 

using repetitive extragenic palindromic-PCR (BOX PCR). BOX PCR was chosen in this 

chapter rather than ERIC PCR (Chapter 4) due to better genotyping patterns (data not 

shown). Bacterial DNA was extracted using Gentra PureGene (Qiagen) following the 

manufacturer’s instructions. PCR was done using primer BOXA1R (5′- CTA CGG CAA 

GGC GAC GCT GAC G-3′) as described by Versalovic et al. (1994). A 6 μL aliquot of the 

PCR product was separated by electrophoresis as described in Section 5.2.4. If the 

bacteria grew on NAChl100 and had the same genotype as the wild type, it was identified as 

being the endophytic bacteria used for inoculation.  

 

5.2.6 Experiment 2 - Antagonistic effect of selected endophytic bacteria against 
Pseudomonas syringae pv. actinidiae in planta 

The experiment was conducted during spring/summer in October 2015 until March 2016 

with A. deliciosa var. deliciosa (pre-release cultivar) tissue cultured plantlets. The plantlets 

were acclimatized as described on Section 5.2.4 except the period were increased to two 

months due to the slower growth of this cultivar.  
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After a two-month acclimatization period, endophytic bacterial inoculation was carried out 

based on the results of Section 5.2.5. The three bacteria which showed the highest level 

of antagonism towards Psa from the first experiment (Section 5.2.4), and a combination of 

all three, were used to inoculate the kiwifruit plants. Psa inoculation and the 

environmental conditions of the experiment were done as described in Section 5.2.4. As a 

positive control, kiwifruit plants without any endophytic bacterial inoculation were 

wounded and injected with Psa. As a negative control, kiwifruit plants without any 

endophytic bacterial inoculation were wounded and injected with sterile PBS. The 

experiment was conducted in a completely randomized design with eight replicates per 

treatment. Lesions length and disease severity were measured 4-weeks post inoculation 

as described in Section 5.2.4. Evaluation of endophytic movement and populations of Psa 

and the endophytic bacteria in the kiwifruit plant stem was carried out by aseptically 

cutting the main stems of six randomly selected plants per treatment by using random 

number generator on Excel into seven segments as described in Section 5.2.4 and 

5.2.5.2 

 

5.2.7 Statistical analysis 

Mean population counts of Psa and endophytic bacteria were calculated by averaging the 

logarithm (base 10) of population counts recovered from the stem and/or leaves. 

Population counts below the detection limit (1 x 102 CFU/segment) were treated as log 0 

for calculating means. The log CFU value were analysed with one-way ANOVA to 

determine the significance of treatment effects followed by Fisher’s ad-hoc analysis at 

P<0.05 using Minitab 17 (Lead Technologies, Australia). Additional statistical analyses 

were performed with a value of 99 CFU/segments (detection limit – 1 CFU) allocated to 

segments with non-detectable Psa or endophytic bacteria population (Stockwell et al., 

2002). This produced the same statistical outcome as analyses performed with the log 0 

for segments with non-detectable Psa or endophytic bacteria population. 

Disease severity data were analysed using Kruskal-Wallis non-parametric analysis 

followed by the Mann-Whitney test (P<0.05) for all possible pairwise comparisons using 

Minitab 17. The negative control treatments were excluded from the analysis since no 

disease symptoms were observed and no Psa or endophytic bacteria were recovered 

from these plants. 
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treatment on the Psa population at 5 cm below (P<0.001), 5 cm above (P=0.001), 3 cm 

above (P=0.001) and 1 cm below (P=0.037) (Appendix D.5). None of the endophytic 

bacterial treatments significantly affected recovery from the remaining stem sections. The 

three endophytic bacteria that reduced lesion length (Pseudomonas sp. T1R21, 

Pseudomonas sp. T4MS32AP and Pseudomonas sp. T4MS33) also significantly reduced 

the Psa population by a factor of one log at 5 cm below the inoculation point (Table 5.4). 

In addition, 3 cm and 5 cm above the inoculation point the Psa population in these 

treatments was significantly lower compared to the positive control (Table 5.4). Treatment 

with Pseudomonas sp. T1R21 and Pseudomonas sp. T4MS32AP also significantly 

reduced the Psa population at 1 cm below the inoculation point. The sequence of the Psa 

specific PCR product (280 bp) confirmed the identity of the recovered bacteria as Psa 

(Figure 5.6). 
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Table 5.4 Mean population of Pseudomonas syringae pv. actinidiae (log CFU/1 cm stem section) recovered from below (-) and above (+) the 
inoculation site (0 cm) on stem of potted Actinidia deliciosa var. deliciosa (cultivar Hayward) inoculated with selected endophytic bacteria and 
positive control (without endophytic bacteria inoculation). Means of 6 replicate plants per treatment, with back transformed means in 
parenthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

# Means in each column followed by different letters indicate significant difference at P<0.05 based on LSD for the comparison of log means. Means in bracket are back 
transformed mean CFU bacteria population /segment 
 

Treatment Mean population of Pseudomonas syringae pv. actinidiae (Log CFU/segments)# 
-5 -3 -1 0 cm +1 +3 +5 

Pseudomonas sp. R4R21AP 3.9 b 
(7.9 x 103) 

4.0 
(1.0 x 104) 

4.8 a 
(6.3 x 104) 

4.7  
(5.0x 104) 

4.7 
(5.0x 104) 

4.7 ab 
(5.0x 104) 

4.8 a 
(6.3 x 104) 

        

Pseudomonas sp. T1R12P 4.7 a 
(5.0x 104) 

4.5 
(3.2 x 104) 

4.7 ab 
(5.0 x 104) 

4.8 
(6.3 x 104) 

4.6 
(3.9 x 104) 

4.8 a 
(6.3 x 104) 

4.5 ab 
(3.2 x 104 

        

Pseudomonas sp. T1R21 3.0 c 
(1.0x 103) 

4.1 
(1.2 x 104) 

4.5 b 
(3.2 x 104) 

4.8 
(6.3 x 104) 

4.8 
(6.3 x 104) 

4.4 bc 
(2.5 x 104) 

4.0 bc 
(1.0 x 104) 

        

Pseudomonas sp. T4MS32AP 3.8 b 
(6.3 x 103) 

4.3 
(1.9 x 104) 

4.5 b 
(3.2 x 104) 

4.7 
(5.0x 104) 

4.7 
(5.0x 104) 

4.2 c 
(1.6 x 104) 

4.0 bc 
(1.0 x 104) 

        

Pseudomonas sp. T4MS33 3.6 bc 
(3.9 x 103) 

4.3 
(1.9 x 104) 

4.8 a 
(6.3 x 104) 

4.8 
(6.3 x 104 

4.8 
(6.3 x 104) 

4.2 c 
(1.6 x 104) 

3.4 c 
(2.5 x 103) 

        

Positive control 4.9 a 
(7.9 x 104) 

4.8 
(6.3 x 104) 

4.9 a 
(7.9 x 104) 

4.8 
(6.3 x 104 

4.8 
(6.3 x 104) 

4.8 a 
(6.3 x 104) 

4.8 a 
(6.3 x 104) 

P value <0.001 0.205 0.037 0.744 0.797 0.001 0.001 
LSD value 0.71 0.62 0.29 0.15 0.29 0.35 0.69 
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Inoculation of endophytic bacteria by foliar spray induced brown spots on leaves of 

kiwifruit plants 5-7 days after inoculation and in some cases killed young leaves emerging 

from the bud (Appendix D.6). No leaf spots were observed in the uninoculated plants. 

Between 4 and 6 weeks post inoculation, inoculated plants started to recover by 

producing new healthy leaves. Due this reaction a pilot study was carried out to determine 

the optimum inoculation procedure and inoculum concentration before setting up the 

second experiment. Pseudomonas sp. T1R21, Pseudomonas sp. T4MS32AP and 

Pseudomonas sp. T4MS33 were chosen for the second experiment due to their better 

biocontrol performance (reduced lesion length, disease severity and Psa population levels 

recovered from stems) compared to the other isolates. 

 

5.3.4 Endophytic colonization by selected bacteria under greenhouse condition 

Spontaneous mutants using chloramphenicol were successfully produced. The 

chloramphenicol resistant mutant did not show any alteration in ability t solubilise 

phosphorus, produce siderophores or inhibit Psa when compared to their respective wild 

type strains, indicating no change in the phenotypic traits (data not shown).   

No disease symptoms were observed on leaves or stems after inoculation with 

endophytic bacteria for either inoculation treatment (Appendix D.7). After 4 weeks for the 

wound inoculation treatment, all endophytic bacteria were recovered from the wound site 

with population sizes ranging between 1.6 x 103 CFU/segment and 104 CFU/segment, 

regardless of the initial inoculum concentration (Table 5.5). No chloramphenicol resistant 

bacteria were recovered on NAChlo100 from the negative control. Thus, the negative control 

was excluded from the analysis. For both Pseudomonas sp. T1R21 and Pseudomonas 

sp. T4MS33, inoculum concentration did not affect the population size of endophytic 

bacteria recovered from the wound site (P=0.303 and P=0.179, respectively, Appendix 

D.8). However, for Pseudomonas sp. T4MS32AP there was a significant effect of 

inoculum concentration (P=0.012), with significantly higher populations recovered from 

the wounding site from plants inoculated with 105 CFU/mL (equivalent to 500 

CFU/inoculation site) compared with plants inoculated with 106 CFU/mL (equivalent to 

5,000 CFU/inoculation site), but not compared with 107 CFU/mL (equivalent to 50,000 

CFU/inoculation site). The endophytic bacteria were recovered at low populations (<7.9 x 

101 CFU/segment) 1 cm above the wound site with no significant effect of inoculum 

concentration on recovery (P=0.423, P=0.127 and P=0.592, respectively for 

Pseudomonas sp. T1R21, Pseudomonas sp. T4MS32AP and Pseudomonas sp. 
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T4MS33). Inoculum concentration significantly affected endophytic movement of 

Pseudomonas sp. T1R21 and Pseudomonas sp. T4MS33 to 1 cm below the inoculation 

site (P=0.001 and P<0.001, respectively; Appendix D.8) with significantly lower 

populations recovered from plants inoculated with the highest inoculum concentration of 

107 CFU/mL compared with either 105 or 106 CFU/mL (Table 5.5). For Pseudomonas sp. 

T4MS32AP there was no significant effect (P=0.407) of inoculum concentration on the 

recovery from 1 cm above the inoculation site. No bacteria were recovered from leaves 

from the wounding treatment. For the foliar spraying treatment, only Pseudomonas sp. 

T4MS32AP was recovered from leaves when sprayed with inoculum concentration of 106 

or 107 CFU/mL being 1.6 x 103 and 3.3 x 102 CFU/leaf, respectively. No bacteria were 

recovered from the main stem from foliar spraying treatment. 

The genotype of the bacteria that grew on the NAChl100 plates were identical to their 

respective wild type using BOX-PCR confirming the identity of the recovered bacteria as 

the bacteria used for inoculation (Figure 5.7). The results indicated that the wounding 

inoculation treatment and, overall, an inoculation concentration of 105 CFU/mL resulted in 

higher colonization of the kiwifruit stem tissue by the endophytic bacteria and was 

selected as the inoculation treatments for the second experiment. 
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Table 5.5 Effect of initial inoculum concentration (CFU/mL) applied using the wounding 
treatment on the mean population of endophytic bacteria (log CFU/1 cm stem section) 
recovered on chloramphenicol amended agar from below (-) and above (+) the inoculation 
site (0 cm) on stems of potted Actinidia deliciosa var. deliciosa (pre-release cultivar). 
Means of 5 replicate plants per treatment, with back transformed means in parenthesis 

Bacteria Inoculum 
concentration# 

Mean population of antagonist bacteria 
(Log CFU/segments)* 

-1 0 +1 

Pseudomonas sp. T1R21 

105 3.4 a 
(2.5 x 103) 

3.9 
(7.9 x 103) 

0.7 
(5) 

    
106 2.0 a 

(1.0 x 102) 
3.4 

(2.5 x 103) 
1.1 

(1.3 x 101) 
    

107 0.0 b 
 

3.2 
(1.6 x 103) 

0.0 
 

P value  0.001 0.303 0.423 
LSD value  1.51 0.74 1.76 
     

Pseudomonas sp. T4MS32A 

105 1.2 
(1.6 x 101) 

4.0 a 
(1.0 x 104) 

1.9  
(7.9 x 101) 

    
106 0.0 

 
3.5 b 

(3.2 x 103) 0.0 

    
107 0.8 

(6) 
3.8 ab 

(6.3 x 103) 
0.7 
(5) 

P value  0.407 0.012 0.127 
LSD value  1.97 0.26 1.85 
     

Pseudomonas sp. T4MS33 

105 3.6 a 
(3.9 x 103) 

3.8 
(6.3 x 103) 

0.7 
(5) 

    
106 3.4 a 

(2.5 x 103) 
3.3 

(1.9 x 103) 
0.4 
(3) 

    
107 0.7 b 

(5) 
3.2 

(1.5 x 103) 
0.0 

 
P value  <0.001 0.179 0.592 
LSD value  1.53 0.72 1.53 

# 105 106 and 107CFU/mL represent 500, 5000 and 50000 CFU’s in the 5 µL used to inoculate each wound 
site, respectively 
* For each bacterial treatment, the different letter on each column indicates the statistical significance at 
P<0.05 based on LSD for the comparison of log means. Number in bracket indicating bacteria population in 
CFU/segment 
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Figure 5.7 Representative agarose gel showing repetitive extragenic palindromic-PCR 
(BOX PCR) of representative bacteria recovered from the stem of potted Actinidia 
deliciosa var. deliciosa (pre-release cultivar) 4 weeks after inoculation with the endophytic 
bacteria by wounding. M: 1kb plus ladder (Invitrogen), T1+: Pseudomonas sp. T1R21 wild 
type, T11-13: Suspected Pseudomonas sp. T1R21, T2+: Pseudomonas sp. T4MS32AP 
wild type, T21-23: Suspected Pseudomonas sp. T4MS32AP, T3+: Pseudomonas sp. 
T4MS33 wild type, T31-33: Suspected Pseudomonas sp. T4MS33, Psa: Pseudomonas 
syringae pv. actinidiae. 
 

5.3.5 Experiment 2 - Antagonistic effect of selected endophytic bacteria towards 
Pseudomonas syringae pv. actinidiae in planta 

Four weeks after Psa inoculation, similar disease symptoms compared to experiment 1 

were observed, including the appearance of an external lesions and bacterial ooze on the 

stem (Appendix D.9). No lesions were observed in the negative control. Thus, the 

negative control treatment was excluded from the analysis. When compared to 

experiment 1, overall lesion length and disease severity in the different treatments 

(including positive control) were smaller. These results correlated with the higher 

resistance of A. deliciosa var. deliciosa (pre-release cultivar) to Psa infection. There was a 

significant effect of inoculation treatment on lesion length (P=0.014) and disease severity 

(P=0.042) (Appendices D.10-D.11). Inoculation with the endophytic bacteria significantly 

decreased lesion length (0.4-0.9 mm) and disease severity (0.5-0.6) compared to the 

positive control (3.3 mm; 2.0, respectively) (Table 5.6).  
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Table 5.6 Effect of inoculation with selected endophytic bacteria on lesion length and 
disease severity caused by Pseudomonas syringae pv. actinidiae on stems of potted 
Actinidia deliciosa var. deliciosa (pre-release cultivar) 4 weeks after inoculation. Mean of 8 
replicate plants per treatment 

 Treatment Lesion length (mm)# Disease severity* 
Pseudomonas sp. T1R21 0.9 b 0.6 b 
Pseudomonas sp. T4MS32AP 0.8 b 0.8 b 
Pseudomonas sp. T4MS33 0.9 b 0.6 b 
All bacteria 0.4 b 0.5 b 
Positive control 3.3 a 2.0 a 
P value 0.014 0.042 
LSD value 1.77 - 

 

# For lesion length, means followed by different letters are significantly differentaccording to LSD at P≤0.05 
* For disease severity, means followed by different letters are significantly different at P≤0.05 according to 
pairwise multiple comparisons using Mann-Whitney test 

 

No Psa were recovered from 5 cm above or below, or 3 cm above the inoculation site. No 

Psa were recovered from the negative control. Thus, the negative control treatment was 

excluded from the analysis. Treatment with the endophytic bacteria had a significant 

effect on the recovery of Psa 4 weeks after inoculation at 1 cm below (P=0.005) and at 

the inoculation site (P=0.027) but not 1 cm above (P=0.571) and 3 cm below (P=0.161) 

the inoculation site (Appendix D.12). Pseudomonas sp. T4MS32AP and T4MS33 reduced 

the Psa population 10 fold (1 log) and a combination of all three bacteria by 1000 fold (3 

log) compared with the positive control at 1 cm below the inoculation site (Table 5.7). 

Inoculation with a combination of all three bacteria significantly reduced Psa populations 

compared with all other treatments at 1 cm below the inoculation site. Inoculation with 

Pseudomonas sp. T1R21 and a combination of all three bacteria significantly reduced the 

Psa population at the inoculation site compared with the positive control. The Psa specific 

PCR confirmed the recovered colonies as Psa (Appendix D.13). 

At harvest, all the applied endophytic bacteria were recovered only from the wounding site 

with populations between 7.8 x 102 and 6.1 x 103 CFU/segment. No chloramphenicol 

resistant bacteria were recovered on NAChlo100 from the negative control. Thus, the 

negative control treatment was excluded from the analysis. There was a significant effect 

(P=0.043) of treatment on the recovery of endophytic bacteria from the inoculation site 

(Appendix D.14). Inoculation with the combination of three endophytic bacteria (6.1 x 103 

CFU/segment) resulted in a significantly higher population compared to single inoculation 

of all bacterial isolates (7.8 x 102 CFU and 8.8 x 102/segment in Pseudomonas sp. T1R21 

and Pseudomonas sp. T4MS33 treatment, respectively) except for inoculation with 

Pseudomonas sp. T4MS32AP (2.2 x 103 CFU/segment). The genotype of the bacteria 
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that grew on the NAChl100 plates were identical compared to the wild type using BOX-PCR, 

confirming the identity of the recovered bacteria as the bacteria used for inoculation 

(Appendix D.15). 
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Table 5.7 Mean population of Pseudomonas syringae pv. actinidiae (log CFU) recovered from below (-) and above (+) the inoculation site (0 
cm) on stem of potted Actinidia deliciosa var. deliciosa (pre-release cultivar) inoculated with selected endophytic bacteria and positive control 
(without endophytic bacteria inoculation). Mean of 6 replicate plants per treatment. 

#Means in each column followed by different letters indicate significant difference at P<0.05 based on LSD for the comparison of log means. NG: no bacteria recovered. 

Treatment Mean population of Pseudomonas syringae pv. actinidiae (Log CFU/segments)# 
-5 -3 -1 0 cm +1 +3 +5 

Pseudomonas sp. T1R21 NG 0.6 (4)   3.6 ab (3.9 x 103) 5.2 b (1.6 x 105) 0.9 (8) NG NG 
Pseudomonas sp. T4MS32AP NG 0.0  3.4 b (2.5 x 103)   5.4 ab (2.5 x 105) 0.6 (4) NG NG 
Pseudomonas sp. T4MS33 NG 0.0 3.4 b (2.5 x 103)   5.5 ab (3.1 x 105) 1.8 (6.3 x 101) NG NG 
All bacteria NG 0.5 (3) 1.9 c (7.9 x 101) 5.3 b (1.9 x 105) 0.4 (3) NG NG 
Positive control NG 1.7 (5.0 x 101) 4.9 a (7.9 x 104) 5.7 a (5.0 x 105) 1.5 (3.2 x 101) NG NG 
P value - 0.161 0.005 0.027 0.571 - - 
LSD value - 1.54 1.41 0.32 2.03 - - 
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5.4 Discussion 

In this chapter endophytic bacteria from L. scoparium were transferred to a second 

heterologous host (kiwifruit) and their biocontrol activity against Psa determined. The work 

demonstrated that the bacteria could colonize the new host and exert a biocontrol effect in 

planta. This chapter demonstrated that endophytic bacteria were able to inhibit Psa in 

vitro through production of diffusible compound(s).  

Antibiosis through production of diffusible compound(s) is likely to be the main 

mechanism by which the bacteria inhibited Psa in vitro due to the clear zone formed 

around the endophytic bacterial colony when placed on a lawn of Psa. All endophytic 

bacteria belonged to the genus Pseudomonas and these are well known producers of 

many diffusible antibiotics (Haas & Keel, 2003). In this study, the gene encoding 2,4-

DAPG was frequently detected in the endophytic bacteria, with genes for phenazine and 

HCN also found from several isolates. HCN is a volatile antibiotic (Voisard et al., 1989; 

Paul & Sarma, 2006) and although this gene was detected, the lack of inhibition observed 

in the volatile assay suggested that this was not the primary inhibitory substance. 

Phenazine and 2,4-DAPG are two extensively-studied biocontrol metabolites produced by 

Pseudomonas (Weller, 2007). 2,4-DAPG and phenazine exhibit both antifungal (Kavitha 

et al., 2005; Ahmadzadeh & Tehrani, 2009; Hernández-León et al., 2015) and 

antibacterial activities (Tada et al., 1990; Isnansetyo et al., 2001, Cardozo et al., 2013; Xu 

et al., 2015). This is the first report of endophytic bacteria isolated from a native plant able 

to inhibit Psa biovar 3 in vitro.  

In Experiment 1 several endophytic bacteria reduced the disease development of 

bacterial canker in planta. A similar study by Lanteigne et al. (2012) demonstrated that 

inoculation with Pseudomonas sp. LBUM300, a strain able to produce 2,4-DAPG and 

HCN, significantly reduced disease symptoms caused by Clavibacter michiganensis 

subsp. michiganensis in tomato while their nonproducing mutants showed less or no 

antagonistic activity. In addition, Nowak-Thompson et al. (1994) demonstrated that 2,4-

DAPG producing P. fluorescens inhibited the growth of Erwinia carotovora subsp. 

atroceptica. Psa was recovered beyond the lesion which was consistent with a previous 

study by Tyson et al. (2014). However, the endophytic bacteria reduced Psa populations 

in the stem.  

In this study we used foliar sprays to deliver the bacteria to kiwifruit plants. This approach 

successfully delivered bacteria to colonise stem of maize and cotton (Bressan & Borges, 
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2004; Musson et al., 1995). Although not confirmed, it was hypothesised that the 

endophytic bacteria migrated to the stem from leaves after foliar spraying and reduced 

Psa populations by releasing antibiotic(s). A similar result was observed by Lanteigne et 

al. (2012) and Braun-Kiewnick et al. (2002) who demonstrated that application of 

biocontrol agents reduced pathogen populations as well as supressing disease 

development. Thus, the reduction in disease development and lesion length is likely the 

result of antibiotic production by the endophytic bacteria but further research is needed to 

establish a relationship between antibiosis and biocontrol performance. This could be 

done by constructing mutants that have lost the ability to produce antibiotics and to 

confirming that these mutant are unable to exert biocontrol abilities (Haas & Défago, 

2005). In the pilot assay the endophytic bacteria were detected in the leaves but not the 

stems when applied by foliar spraying. Therefore, since the pathogen and the endophytic 

bacteria were spatially separated, induced systemic resistance may also be a possible 

mode of action as has previously been reported in plants such as tobacco and cabbage 

(Zhang et al., 2002; Ghazalibiglar et al., 2016b).  

Although inoculation with endophytic bacteria reduced disease severity, necrotic spots 

typical of a hypersensitive reaction (HR) were observed on plants treated with a foliar 

spray of the endophytic bacteria prior to exposure to Psa. No necrotic spots were 

observed on the new emerging leaves of endophyte treated plants 4 weeks after spraying 

indicating that the strains used in this study were not pathogenic on kiwifruit. In a review 

by van Loon et al. (1998) hypersensitive reactions can also be triggered by non-

pathogens to limit their growth. Thus, the necrotic spots were likely to be the result of the 

high concentration of bacteria applied during foliar spraying. To limit these effects, further 

experiments were done to determine the optimum concentration to deliver endophytic 

bacteria without causing this reaction. All of bacteria that showed high antagonism against 

Psa belonged to Pseudomonas genus. The pilot study showed that there was no disease 

symptoms obversed after bacterial inoculation through foliar and and wounding 

inoculation with inoculum range between 105-107 CFU/mL indicating the endophytic 

bacteria were not pathogenic strains. However, this study acknowledges that only partial 

of 16S rRNA gene was used to identify the endophytic bacterial strains and might not 

enough to identify to strain level. Further study using a complete 16S rRNA gene or 

another housekeeping gene such as gyrB and rpoD (Sarkar & Gutman, 2004) is needed 

to obtain full taxonomic identification of the endophytic bacteria.  
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This study demonstrated that wounding was the most effective way to deliver endophytic 

bacteria to kiwifruit plants due to the consistent recovery of endophytic bacteria from the 

wound site. Psa usually infects kiwifruit through stomata, lenticels and wounded tissue 

such as cuts on the woody stem or leaf scars before systemically migrating to other 

tissues (Ferrante et al., 2012; Young, 2012). Thus, colonization of wounds provides 

competition at the preferred entry point of Psa. This is a similar effect to that observed in 

Chapter 4.  

Regardless of the delivered inoculum concentration, the population of the endophytic 

bacterium stabilised at around 103-104 CFU at the wounding site with limited movement (1 

cm upward and downward of the inoculation site area). This is in agreement with previous 

studies (Chen et al., 1995; Hallmann et al., 2001). A possible explanation for the lower 

population of endophytic bacteria recovered from the stem at the highest inoculum 

concentration is the Allee effect. The Allee effect defines an upper and lower threshold to 

create an effectively stable mean population density in a system (Etienne et al., 2002). 

Hohmann et al. (2012) reported that a higher inoculum concentration of Trichoderma 

hamatum did not necessarily result in larger populations in the root system of Pinus 

radiata as a result of the Allee effect. Findings from the pilot study highlighted the 

importance of optimising the inoculum concentration to achieve the best colonization by 

the endophytic bacteria. Furthermore, application of a lower inoculum concentration may 

reduce production cost, should this biocontrol agent be commercialised. 

Inoculation of kiwifruit with endophytic bacteria by wounding reduced bacterial canker 

disease development in experiment 2. The similarity of outcomes between experiments 1 

and 2 suggested that the mechanism is consistent. The endophytic bacteria could be 

recovered after 8 weeks indicating they can maintain their colonization with/without the 

pathogen. The best biocontrol performance was observed from mixed bacterial isolate 

inoculation indicating a synergistic effect between bacteria in the mixture. This improved 

disease suppression using multiple antagonists maybe due to better colonization of the 

host tissue and a potentially wider range of biocontrol activity by the different antagonist 

bacteria (Hervas et al., 1998; Guetsky et al., 2001; Guetskyl et al., 2002). From the plants 

inoculated with the combination of the three bacterial isolates, endophytic bacterial 

recovery was relatively higher compared to other treatments. However, the specific 

population of each bacterium in planta from the mixed bacterial inoculation was not 

determined and further study is needed to determine whether populations are equal or 

one strain dominates. This mixture contained bacteria with multiple antibiotic producing 
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genes and may also have produced a combination of antibiotics and induced systemic 

resistance. However, the exact mode of action of the endophytic bacteria in planta has 

not been determined and further study is needed to understand their mode of action.  

The deployment of a tolerant cultivar together with the endophytic bacteria will provide a 

useful tool for integrated management of Psa. The results confirmed the higher resistance 

of pre-release cultivar compared to Hayward cultivar. Psa control specifically uses 

streptomycin or copper (Cameron & Sarojini, 2014) but these chemical are phytotoxic, 

induce Psa resistance and persist as residues in fruit (Serizawa et al., 1989; Nakajima et 

al., 2002; Vanneste et al., 2003; Cameron & Sarojini, 2014). However, no work has been 

done on integration of the candidate biocontrol endophytes with other management tools 

in kiwifruit. Integration of biocontrol and resistant hosts has proven to be useful in disease 

management in other crops such as sugar beet (Jacobsen et al., 2004) and chickpea 

(Hervas et al., 1998).  

The research presented in Chapter 4 suggests several aspects that might be important for 

further study with regards to biocontrol of Psa. This chapter, in agreement with Chapter 4, 

demonstrated that endophytic bacteria isolated from L. scoparium have the potential to be 

effective biocontrol agents and could be used as wound protectors. Psa can infect kiwifruit 

through pruning wounds and leaf scars but also through stomata and lenticels (Ferrante 

et al., 2012; Young, 2012). The practical application of the endophytic bacteria by foliar 

and stem spraying may allow it to colonise natural openings on the leaves and also 

wounded tissue created as a result of common agronomic practices such as pruning and 

tying. Further research is needed to determine efficacy of field application at multiple sites 

on mature plants. As stated earlier, the endophytic bacteria that demonstrated 

antagonism were able to colonize the internal trunk tissue of the new hosts. This study 

monitored the endophytic bacteria for two months and showed limited movement 

internally with Psa inoculum still present. It is also unknown whether the endophytic 

bacteria can maintain their population in planta and provide long term protection against 

Psa. However, the endophytic bacteria provided a significant protection by reducing 

disease severity even when stem colonization by the Psa was not completely prevented. 

Since Psa can colonise kiwifruit plants all year round (Ferrante et al., 2012), further study 

is needed to investigate endophytic bacteria persistence and whether they can provide a 

long term protection against Psa. 

As in Chapter 4, spontaneous chloramphenicol mutants were used to monitor movement 

and population size of the bacteria but did not provide information about their specific 
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location within the tissue. Confocal laser scanning microscopy might be useful to observe 

localization within different kiwifruit tissue. This study showed the combination of the three 

bacteria improved the biocontrol efficacy but it is not clear whether the bacteria occupied 

the same or different niches in planta. Furthermore, by using species (or isolate) specific 

probes, fluorescent in situ hybridisation with confocal microscopy can be used to monitor 

localization and movement of different species (or isolate) of the biocontrol agent 

(Cardinale, 2014). 

In conclusion, endophytic bacteria isolated from L. scoparium demonstrating suppression 

of Psa in vitro were able to be transmitted to kiwifruit and exert their biocontrol activity in 

the heterologous host. The findings suggest a mechanism of disease suppression through 

antibiosis both in vitro and in planta. However, further study is needed to determine the 

exact mode of action of the endophytic bacteria and biocontrol performance in the field.  
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6 Chapter 6 

Concluding discussion 

The overall aim of this thesis was to investigate the community structure and some of the 

functional properties of bacterial endophytes of Leptospermum scoparium (mānuka) with 

a particular focus on biocontrol. This work represents the first comprehensive study of 

bacterial endophytes of L. scoparium and addresses the lack of studies on microbial 

associations of native plants. Leptospermum scoparium is recognised as a medicinal 

plant due to the antimicrobial nature of extracts derived from it and its traditional use by 

Māori. At the outset of the research it was hypothesised that antimicrobial properties may 

also be found in the endophytes that inhabit the plant. Parallels with international research 

suggested that these microorganisms may be a promising source of novel bioactive 

compounds and could be useful as biocontrol agents. The bacterial endomicrobiome of L. 

scoparium was explored using a combination of cultivation independent and dependent 

approaches. 

The endophytic bacterial community in L. scoparium was investigated in Chapter 2, using 

two molecular approaches DGGE and metabarcoding with the Illumina MiSeq platform. 

This is the first study to define the structure and diversity of endophytic bacteria in L. 

scoparium. The initial use of DGGE allowed a large number of samples and factors to be 

assessed from both mature and immature plants. As highlighted in Chapter 2, tissue type 

was the main factor affecting the composition and richness of endophytic bacteria as 

shown by DGGE and metabarcoding with Illumina MiSeq and this was consistent with the 

international literature. Based on DGGE, the endophyte community structure and richness 

was also affected by plant maturity with bacterial communities becoming more stable and 

uniform as plants matured. This finding also indicated that endophytic bacterial 

community changed during plant development. The physiological condition in each tissue 

of L. scoparium such as the antimicrobial compounds in foliage and exudate/nutrients in 

roots are likely to explain the grouping of endophytes. It is also likely that changing 

abundance and composition of essential oils between young and mature L. scoparium 

plant (Porter et al., 1998) influences the structure and richness of the endophyte 

community. Further work is needed to examine whether other native plants show a similar 

maturation of the bacterial endophyte community. In this study an investigation of 

vertically transmitted bacterial endophytes was not done and this should be included in 

future work. In other woody plants, the number of seed-associated bacteria is varied 
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depends on the plant host such as 0.33-1.83 x 102 CFU/g in Eucalyptus species or 2.7 x 

101 CFU/g in Vitis vinifera (Ferreira et al., 2008; Compant et al., 2011). Several bacteria 

genera were reported as seed-associated endophyte that might provide benefits for their 

hosts (Cankar et al., 2005; Ferreira et al., 2008; Wang et al., 2016). For example, Bacillus 

in Vitis vinifera (grapevine), Pseudomonas and Rahnella in Picea abies L. Kars (Norway 

spruce) and Bacillus, Paenibacillus and Methylobacterium in Eucalyptus species (Cankar 

et al., 2005; Compant et al., 2011). Thus, it would be interesting to know what proportion 

of seed endophytes were retained as the plant matured and the function of these in 

planta.  

Both DGGE and metabarcoding with the Illumina MiSeq detected congruent patterns of 

community structure in the endophytic bacteria. The congruent patterns between DGGE 

and metabarcoding with Illumuna MiSeq has been reported from previous study (Li et al., 

2015; Qin et al., 2016). DGGE proved useful here to provide a robust and quick overview 

of the compositional variation in bacterial communities. For example, as the goal of this 

project was to identify bacteria that were common endophytes of L. scoparium, mature 

plants were selected for metabarcoding due to the relatively high variation observed in 

immature plants. As expected metabarcoding provided greater depth and allowed 

detection of more microorganisms with good taxonomic resolution. Several studies have 

implicated the importance of other taxa such as fungi in plant growth promotion and 

production of novel biologically active secondary metabolites (Varma et al., 1999; Schulz 

et al., 2002; Aly et al., 2011; Harman, 2011). Thus, future studies should explore the 

endophytic fungal community structure in L. scoparium using a cultivation independent 

approach such as DGGE and metabarcoding with the Illumina MiSeq to extend the work 

of McKenzie et al. (2006).  

Further study using a metagenomics approach may also provide information on the 

contribution of microbial genes to physiology and metabolic processes of L. scoparium 

(Fierer et al., 2012; Sessitsch et al., 2012). Sessitsch et al. (2012) reported several 

putative genes such as flagella, plant-polymer-degrading enzymes, protein secretion 

systems, iron acquisition and storage and quorum sensing from endophytic bacteria from 

rice that were associated for their endophytic life. Müller et al. (2015b) found 13 novel 

NRPS (enzymes that synthesize active compounds such as antibiotics, antifungals, and 

antitumor agents) sequences from Sphagnum Bog metagenome that belonged to 

members of the phyla Proteobacteria, Actinobacteria and Cyanobacteria. By using 
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metagenomics, structure and function of endophytic bacteria from L. scoparium can be 

revealed with possibility to identify novel secondary compounds and enzymes.  

There was evidence of a core endomicrobiome in L. scoparium, defined as the bacterial 

community shared among samples independent of plant tissue type, maturity and 

location. This work identified one OTU belonging to the Pseudomonas genus 

(Gammaproteobacteria) as a member of the L. scoparium core endomicrobiome. 

Previous studies have demonstrated evidence of a core endomicrobiome in other plants 

such as Zea mays, Arabidopsis thaliana and Olea europae (Johnston-Monje & Raizada, 

2011; Bodenhausen et al., 2013; Müller et al., 2015a). This is the first study to define a 

member of the core endomicrobiome in a New Zealand native plant. Other studies have 

demonstrated that the core endomicrobiome has a fundamental role in the health and 

growth of the host (Sekelja et al., 2001; Lebeis, 2014; Schlaeppi et al., 2014) and future 

studies should investigate the importance of this OTU to the growth of L. scoparium. If 

culturable, this could be done by inoculating them into endophyte-free L. scoparium grown 

in gnotobiotic conditions and examining phenotype under normal and stress conditions. 

Endophyte free plants could be seed treatment and growth in medium containing 

antibiotics to kill indigenous bacteria in the plant (Rout et al., 2013). Alternatively, hot 

water treatment also could be done to eliminate native endophytes (Kleczewski et al., 

2012) This study could also be coupled with confocal microscopy using a probe targeting 

specific taxa (Cardinale, 2014) to visualise their colonization in L. scoparium.   

Interference by plant DNA in the amplification of the endophytic bacteria was observed in 

this study for both DGGE and metabarcoding. This is not unusual in sequencing studies 

and has been reported by other authors (Ikeda et al., 2010; Bulgarelli et al., 2012; Dorn-In 

et al., 2015). DGGE bands assigned as chloroplast DNA were common to all tissues and 

sites, therefore, had little influence on community structure and richness of total 

endophytic bacteria in this study. However, it is difficult to determine number of bands that 

could be assigned as chloroplast DNA using DGGE unless all of the bands are 

sequenced. This limitation can be overcome by using group specific primers as was used 

in this study. Using metabarcoding, a high number of reads (96.4%) were removed as 

they were assigned as chloroplast DNA based on curated database Greengenes. A 

similar result was observed using NCBI database to assign the reads (data not shown). 

Due the large amount of data removed from the metabarcoding, this study may not have 

had suffificient depth remaining to completely describe the endophytic bacterial 

community in L. scoparium. Thus, future work should investigate the use of specific 
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primers for endophytic bacteria that can minimize amplification of plant DNA. Several new 

primer has been designed to avoid amplification of plant DNA. These include Com1/769R, 

335F/769R or fM1/rC5 (Yu et al., 2013; Dorn-In et al. 2015) and might be useful for further 

study. Separation of bacterial and plant cells using density gradient centrifugation 

(Chapelle et al., 2015) might be useful to enhance the recovery of endophytic bacteria 

from plant tissue prior to DNA extraction. As was used on intact tissues here PMA can 

bind to DNA in non-viable cells after surface sterilisation. Thus, PMA treatment should be 

incorporated into any further study to accurately described plant endophyte communities 

using PCR based techniques.   

This work has demonstrated that the Gammaproteobacteria in L. scoparium was the most 

functionally variable class, representing the majority (89%) of cultivated bacteria with 

bioactivity. This class was affected by the plant location (DGGE result) and was abundant 

in leaves, stems and roots of L. scoparium (metabarcoding data). Gammaproteobacteria 

may also play role in essential oil alteration. Studies have demonstrated that several 

bacteria belonging to Gammaproteobacteria can modify essential oil composition in 

medicinal plants (Del Giudice et al. 2008; Dharni et al. 2014; Wang et al. 2015; Zhou et 

al., 2016). It is also possible that variation in Gammaproteobacteria communities have 

some role in the essential oil chemotypes and their geographic distribution as previously 

described by Douglas et al. (2004). In Appendix E, AMF inoculation changed the microbial 

community in rhizosphere soil and roots especially Gammaproteobacteria community. A 

highly significant correlation between Gammaproteobactera community in root and 

essential oil composition were observed. Therefore, modification of microbial community 

especially Gammaproteobacteria in root by AMF colonization might modify essential oil 

composition in L. scoparium. Appendix E strengthen the possible role of 

Gammaproteobactera in essential oil alteration. An investigation of Gammaproteobacteria 

communities from L. scoparium with different chemotypes using metabarcoding to provide 

a more complete data and greater accuracy compared to DGGE would be an interesting 

further study. The primer Gamma395f/871r has been frequently used to target this 

particular class (Mühling et al., 2008; Köberl et al., 2015). This primer was used for DGGE 

study to target Gammaproteobacterial community and might be applied as well for 

metabarcoding. Thus by using metabarcoding using Gammaproteobacteria specific 

primer and GC-MS analysis, a link between variation in essential oil and 

Gammaprotoebacteria community could be investigated. This study is the first to highlight 

the significance of this taxa in L. scoparium with data from both Chapter 2 and Chapter 3 

suggesting they are an important bacterial group in L. scoparium. 
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This is the first study to demonstrate that deliberate inoculation with bioactive endophytic 

bacteria can improve growth of L. scoparium and to demonstrate a role for these 

microorganisms in plant chemistry. Commercial application for the purpose of plant 

growth improvement might enhance economic returns by increasing foliage yields for 

essential oil production from L. scoparium in cultivation, as has been reported for other 

medicinal plants (Kapoor et al., 2004; Khaosaad et al., 2006). As highlighted in Chapter 3, 

a key result of this work showed that root application of the endophytic bacteria modified 

essential oil quantitatively by altering grandiflorone level as one of major antimicrobial 

triketone compound in L. scoparium essential oils. The responses of essential oil 

modification were either negative (decrease) or positive (increase) independent of plant 

growth. Thus, essential oils can be modified by different bacteria-plant associations. In 

this study penetration of the bacteria into the plant root and/or migration into the foliar 

tissues was not confirmed. A future study to visualise colonization of bacteria in the plant 

tissue using confocal microscopy is suggested. As highlighted in Appendix E, arbuscular 

mycorrhizal fungi (AMF) inoculation modified essential oil quantitatively and qualitatively 

suggesting a stronger effect compared to bacteria. Thus, the impact of fungal endophytes 

aside from AMF on essential oil composition in L. scoparium would also be an interesting 

further study. Chapter 3 and Appendix E complemented each other to reinforce that the 

observed essential oil modification was not related to plant growth but rather dependent 

on a specific microbe-host association. Since the West Coast consortium contained 

bacteria able to increase grandiflorone, further study is needed to investigate individual 

strains within this consortium and their effect toward L. scoparium essential oil 

composition, perhaps with different chemotypes. Endophytic bacteria that can modify the 

valuable components in the essential oils of L. scoparium would potentially provide an 

economic value to the industry. For instance, inoculation with an endophytic bacteria 

consortium may improve L. scoparium chemotypes that produce low concentrations of 

grandiflorone. In terms of practical application, seed coating inoculation or pruned root 

dipping of seedlings could be done to induce early colonization by the endophytic bacteria 

prior to planting. The persistence of bacteria and response of bacteria on essential oil 

yield and composition also should be investigated to determine whether the effect is 

transient or permanent. 

The exact mechanism(s) of how the bacteria modified the essential oil composition was 

not explored here and is suggested as future work Several mechanisms such as 

biotransformation, the regulation of plant gene expression or modification to glandular 

trichomes (del Giudice et al., 2008; Dharni et al., 2014; Wang et al., 2015) have been 
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reported. Further work could investigate any changes in the expression patterns of genes 

responsible for triketone biosynthesis using quantitative reverse transcriptase PCR (qRT 

PCR), and/or examine any modification of oil gland number. 

Apart from their role in plant chemistry, members of the L. scoparium endomicrobiome are 

also candidates as new biocontrol agents. International studies have reported that 

endophytes from medicinal plants can be used as biocontrol agents (Khamna et al., 2009; 

Miller et al., 2012; Tianxing et al., 2013). Several of the cultured bacteria showed high 

activity against a range of pathogens including Neofusicoccum spp., Ilyonectria spp. and 

Pseudomonas syringae pv. actinidiae (Psa). Neofusicoccum spp. (Botryosphaeriaeae 

species) were of particular interest as it is a pathogen in many woody species and also 

commonly found in L. scoparium according to McKenzie et al. (2006) without any disease 

incidence reported. Biocontrol against grapevine trunk disease caused by 

Botryosphaeriaeae species and kiwifruit bacterial canker caused by Psa using bacteria 

from L. scoparium may prove a useful approach since only few options are available for 

their control. In Chapter 3, the bacteria were screened for antagonistic activity in vitro 

toward these pathogens. Once inhibitory strains had been identified, the challenge was to 

transfer and monitor the novel bacteria in new (heterologous) hosts (grapevine and 

kiwifruit). 

This is the first time that endophytic bacteria sourced from a New Zealand native plant 

have been deliberately transmitted to a domesticated plant as a biocontrol agent. In this 

study, spontaneous rifampicin and chloramphenicol mutants and bacterial genotyping 

were used to detect bacteria colonization in planta. Although this approach can monitor 

live bacteria in planta, this approach cannot visualize the bacteria colonization. Thus, 

further study using FISH/CLSM could be used to visualise bacteria localization and 

determine their population the new hosts. In planta assays (Chapter 4 and Chapter 5) 

showed that the bacteria were able to colonize grapevine and kiwifruit via a wounding 

inoculation as an entry point to colonize in the new hosts. In ecological perspective, this 

finding also indicated the possibility that endophytic bacteria in L. scoparium could be 

transmitted horizontally through wounding. A similar mechanism was proposed by 

previous study (Hallmann et al., 1997; Brem & Leuchtmann, 1999).  

Only some of endophytic bacteria isolated from L. scoparium could be transmitted into the 

new hosts. From the colonization experiment in Chapter 4 only one of three tested 

bacteria could colonize in the grapevine and persist for at least for 6 months. From the 

pilot study in Chapter 5, the endophytic bacteria were only localized in the specific tissue 
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applied (leaves for spraying inoculation and stems for wounding inoculation) after 1-month 

post inoculation. Recognition by the plant may activate defense systems such as cell wall 

and antimicrobial toxins to inhibit colonization of the new host by bacteria (Hallmann, 

2001; Balmer et al., 2012). These reasons might explain only some of the bacterial strains 

isolated from L. scoparium can colonize the new heterologous host, grapevine. The 

abilities of bacteria to colonize the new host might also have been influenced by their 

motility and production of cell-wall degrading enzyme activities (Germaine et al., 2004; 

Hardoim et al., 2008). Plate assay to determine endoglucanase and 

endopolygalacturonase activities may help to determine the abilities of bacteria to gains 

entry into plant tissue (Compant et al., 2005b) and could be integrated into the screening 

process of endophytic bacteria as biocontrol agent.  

One of the main advantages of endophytic bacteria as biocontrol agents is their ability to 

internally colonize plants when applied to wounds. Since both pathogens infect their hosts 

through wounds (Amponsah et al., 2012; Ferrante et al., 2012; Young, 2012), using 

endophytes as a wound dressing strategy may be suitable to break the pathogen infection 

cycle. Studies demonstrated that the Botryosphaeriaeae species and Psa can survive for 

a long period in the environment (Ridgway et al., 2011; Vanneste et al., 2015) increasing 

opportunities to infect the plant hosts. Furthermore, the fungicides used on vines have a 

weak persistence (van Niekerk et al., 2006). Thus, using an endophytic bacterium that 

can maintain long-term colonization (Lodewyckx et al., 2002; Hardoim et al., 2008) might 

provide a long term protection for the plant host. The durability of biocontrol performance 

by the endophytic bacteria needs to be investigated beyond the 1 and 2 months for 

kiwifruit and grapevine, respectively, reported in this study.  

In Chapter 4 and Chapter 5 the ability of L. scoparium endomicrobiome to inhibit fungal 

and bacterial pathogens was likely due to antibiosis. A clear zone in the dual culture 

assay combined with detection of an antibiotic producing gene using PCR indicated 

antagonism by antibiosis was a likely mechanism. The genera isolated in this study 

(Pseudomonas, Burkholderia and Serratia) are known to contain antibiotic producing 

genes and other strains have been shown to inhibit fungal pathogens such as Sclerotinia 

sclerotium (stem rot of canola), Rhizoctonia solani (bean root rot) and Clavibacter 

michiganensis subsp. michiganensis (bacterial canker of tomato) (Haas & Keel, 2003; 

Kamensky et al., 2003; Selin et al., 2010; Lanteigne et al., 2012; Hua & Höfte, 2015). 

Since the bacteria were able to inhibit growth of the pathogen in vitro, a similar 

mechanism in planta likely occurred. As described in Chapter 4 and Chapter 5 induced 
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systemic resistance might be another possible mechanism of the endophytic bacteria. 

Future work is suggested in the next paragraph to examine the exact mechanism by 

which the endophytic bacteria decreased disease development by the pathogens.   

Pyrrolnitrin was not found in the endophytic bacteria that strongly inhibited the bacterial 

pathogen Psa in vitro and in planta, whereas, 2,4-DAPG was not found in the endophytic 

bacteria that strongly inhibited the fungal pathogen Neofusicoccum species. It is unclear 

whether these are the main antibiotics responsible for inhibition of the pathogen in vitro 

and in planta. Other antibiotics with antagonism against the phytopathogen might be 

produced by the endophytic bacteria tested in this study such as pyocyanine and 

viscosinamide (Haas & Keel, 2003). Development of a mutant with impaired production of 

pyrrolnitrin or 2,4-DAPG could be used to confirm whether these antibiotics are the 

primary mechanism. Further studies to detect antibiotic production in situ using flow 

cytometric analysis with fluorescence-activated cell sorting (FACS) can be used to prove 

a correlation between antibiosis and biocontrol performance (Rochat et al., 2010). This 

technique uses reporter fusions based on the green fluorescent protein that allows 

simultaneous monitoring of antifungal gene expression (Rochat et al., 2010). 

As highlighted in Chapter 4 and Chapter 5 further study to examine expression of genes 

related to plant defence systems could help to understand whether the endophytic 

bacteria induce systemic resistance in the new host. Plant defence-related hormones 

such as salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) are well known as 

primary signals in plant defence mechanism (Verhage et al., 2010). Thus, expression of 

genes related to these pathways may confirm that systemic resistance is induced by the 

endophytic bacteria. For instance, Pavlo et al. (2011) reported that gene expression of 

ET- and JA-responsive plant defensin PDF1.2 and the salicylic acid (SA)-dependent beta-

1,3-glucanase PR2 were increased in plants inoculated with the endophytic bacteria 

Pseudomonas sp. IMBG294 and Methylobacterium sp. IMBG290 after infection by the 

bacterial pathogen Pseudomonas syringae pv. tomato DC3000. In addition, Taylor et al. 

(2010) reported that several genes that belong to the SA pathway such as thaumatin-like 

protein (TLP), class I chitinase, class IV acidic chitinase, and β-1,3-glucosidae and 

several genes that belong to the JA pathway such as class I and class IV acid chitinase 

are associated with induced resistance in kiwifruit. Expression profiling of these genes 

can be used as target genes to determine whether the endophytic bacteria induce 

systemic resistance in the new host.  
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As highlighted in Chapter 4 and Chapter 5 further investigations are needed to achieve 

optimum biocontrol performance in the field. In Chapter 4 only one grapevine variety, 

Sauvignon blanc, was used. Although Sauvignon blanc is the predominant variety in New 

Zealand (58% of total area), several varieties such as Pinot noir (15.4%), Chardonnay 

(8.9%) and Pinot gris (6.8%) also contribute to the New Zealand market (New Zealand 

Winegrowers Annual Report, 2016). Further investigation is needed to determine whether 

the endophytic bacteria are applicable to all grapevine varieties with consistent results. In 

Chapter 5 two different cultivar which belong to Actinidia delicosa were tested in this 

study. Since A. deliciosa and A. chinensis, the two most economically important species 

of kiwifruit in the world, are susceptible to Psa (Vanneste et al., 2013) both kiwifruit 

species and multiple cultivars need to be tested. Testing with different isolates or strains 

of Psa is also suggested since evidence of specific species or isolates within a species 

antagonism by the endophytic bacteria toward Neofusicoccum spp. was shown in Chapter 

4. A field experiment may be the next step to determine efficacy of the biocontrol agent, 

coupled with formulation and application science to optimise inoculum concentration and 

timing to achieve optimum biocontrol performance in the field. In addition, a more 

advance technology such as confocal laser scanning microscopy might be useful to 

precisely track localization and determine population of endophytic bacteria in plant tissue 

as described before. 

This study described association of endophytic bacteria with L. scoparium and it fits well 

with the Māori holistic view of interrelationships within the natural world. Based on Māori 

perspective, an ecosystem service approach must be used as a way to see and use 

values and ethics and guide to better practices (Harmsworth & Awatere, 2013). As a part 

of the native ecosystem, endophytic bacteria communities from New Zealand native 

plants recognised for medicinal products have not been explored to date. Here, the study 

of microorganisms and their relationships with plants has provided new information on the 

ecology of L. scoparium that reinforces that holistic view.  

In summary, this work has contributed to knowledge on the ecology of L. scoparium which 

is an economically and culturally significant plant in New Zealand. The community 

structure of bacteria closely associated with L. scoparium and their functional properties 

were examined and shown to improve growth and to alter essential oil composition. The 

Gammaproteobacteria is the most important class in L. scoparium with bioactivity that 

play important roles in the ecology of L. scoparium. Further work explored the 

antimicrobial potential of the endophytes recovered from this plant by demonstrating their 
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use as biocontrol candidates for Botryosphaeriaeae species and Psa in the heterologous 

hosts grapevine and kiwifruit. Members of the endomicrobiome represented candidate 

biocontrol agents that could be fully evaluated in further work.  
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Appendix A 

  

A.1 Representative DGGE gel showing the dominant bands in the total bacterial community from leaves, 
stems and roots that were sliced, re-amplified and sequenced 
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A.2 Representative DGGE gel showing the dominant bands in the Gammaproteobacterial community 
from leaves, stems and roots that were sliced, re-amplified and sequenced 
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A.3 Sequence analysis of bands excised from endophytic DGGE 
patterns (see Appendices A.1 and A.2) 

 

A.4 Details of the Leptospermum scoparium sampling sites used 
for Illumina MiSeq 

Site location Latitude Longitude Region Number 
of plants 

Travis Wetland -43.48424 172.6902 Canterbury 3 
Kaituna Valley Scenic Reserve -43.71655 172.7554 Canterbury 3 
Craigeburn Forest Park -43.15275 171.7314 Canterbury 3 
Island Hill Station -42.74402 172.5617 Canterbury 3 
West Coast -41.93865 171.4259 West Coast 4 
Nelson Lakes National Park -41.80669 172.5749 Nelson 3 
Aoraki/Mt. Cook National Park -43.73295 170.0959 Canterbury 3 
Mount Aspiring National Park -44.71971 168.2820 Otago 4 
Taihape Scenic Reserve -39.67635 175.8056 Manawatu-Wanganui 2 
Tongariro National Park -39.02237 175.7181 Manawatu-Wanganui 3 
Kaimanawa Forst Park -38.94721 175.9437 Manawatu-Wanganui 3 

DGGE 
band Group of bacteria Closest match Accession  % 

identity 
L1 Total bacteria Panax stipuleanatus chloroplast KX247147 100% 
L2 Total bacteria Panax stipuleanatus chloroplast KX247147 100% 
S1 Total bacteria Panax stipuleanatus chloroplast KX247147 100% 
S2 Total bacteria Panax stipuleanatus chloroplast KX247147 100% 
R1 Total bacteria Panax stipuleanatus chloroplast KX247147 99% 
R2 Total bacteria Panax stipuleanatus chloroplast KX247147 100% 
G1 Gammaproteobacteria Uncultured bacterium AB696180 97% 
G2 Gammaproteobacteria Uncultured Acinetobacter sp. KC009939 100% 
G3 Gammaproteobacteria Pseudomonas migulae AY605698 99% 
G4 Gammaproteobacteria Pseudomonas antarctica KX417149 98% 
G5 Gammaproteobacteria Uncultured Gamma proteobacterium  EF665429 100% 
G6 Gammaproteobacteria Uncultured Gamma proteobacterium FM209125 97% 
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A.5 Total genomic DNA concentration, quality and volume that 
were added into the mixed sample for each tissue type from each 
of the sites for Illumina MiSeq sequencing 
 

Site  
location 

Plant  
no. 

Plant 
tissue type 

DNA concentration 
(ng/µL) 

DNA quality  
(A260/280) 

Volume  
added (µL) 

Island Hill  1 Leaf 3.58 1.71 4.66 
Station 2 Leaf 1.47 1.71   11.36 

 3 Leaf 1.33 1.92   12.52 
 1 Stem 1.86 1.88 8.98 
 2 Stem 1.42 1.86   11.70 
 3 Stem 1.42 1.75   11.74 

 1 Root 2.67 1.85 6.25 
 2 Root 2.00 1.36 8.35 

  3 Root  3.31 1.53 5.05 
Travis  1 Leaf 1.06 1.87   15.75 
Wetland 2 Leaf 3.84 1.79 4.35 

 3 Leaf 2.89 1.75 5.78 
 1 Stem 4.08 1.79 4.09 
 2 Stem 2.55 1.79 6.55 
 3 Stem 4.17 1.75 4.00 
 1 Root 1.68 1.60 9.94 
 2 Root 3.25 1.64 5.14 

  3 Root  2.49 1.62 6.71 
West Coast 1 Leaf 1.61 1.64 7.76 

 2 Leaf 1.79 1.56 6.98 
 3 Leaf 1.88 1.64 6.65 
 4 Leaf 1.81 1.61 6.91 
 1 Stem 3.54 1.63 3.53 
 2 Stem 2.18 1.59 5.73 
 3 Stem 1.72 1.75 7.27 
 4 Stem 2.67 1.71 4.68 
 1 Root 0.93 1.72   13.43 
 2 Root 1.20 1.39   10.42 
 3 Root 1.76 1.55 7.10 

  4 Root 1.76 1.51 7.10 
Kaituna  1 Leaf 1.42 1.51   11.76 
Valley 2 Leaf 2.48 1.53 6.73 

 3 Leaf 1.72 1.64 9.71 
 1 Stem 1.02 1.53   16.37 
 2 Stem 3.24 1.63 5.15 
 3 Stem 3.70 1.75 4.51 
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Table A.5 
continued      

Site  
location 

Plant  
no. 

Plant 
tissue type 

DNA concentration 
(ng/µL) 

DNA quality  
(A260/280) 

Volume  
added (µL) 

Kaituna  1 Root 2.51 1.45 6.65 
Valley 2 Root 1.56 1.42   10.71 

  3 Root  2.17 1.54 7.70 
Kaimanawa  1 Leaf 5.52 1.67 3.03 
Forest Park 2 Leaf 2.98 1.51 5.60 

 3 Leaf 2.95 1.62 5.66 
 1 Stem 3.01 1.88 5.55 
 2 Stem 2.99 1.94 5.59 
 3 Stem 3.08 1.84 5.42 
 1 Root 2.72 1.66 6.14 
 2 Root 4.71 1.78 3.55 

  3 Root  2.22 1.71 7.52 
Tongariro  1 Leaf 4.20 1.83 3.98 
National Park 2 Leaf 5.22 1.69 3.20 

 3 Leaf 2.47 1.58 6.76 
 1 Stem 4.06 1.84 4.11 
 2 Stem 4.66 1.75 3.58 
 3 Stem 3.46 1.85 4.83 
 1 Root 3.36 1.69 4.97 
 2 Root 3.01 1.52 5.55 

  3 Root  3.88 1.56 4.30 
Taihape  1 Leaf 4.02 1.52 4.15 
Scenic 2 Leaf 6.61 1.59 2.53 
Reserve 1 Leaf 2.24 1.99 7.46 

 2 Stem 1.68 1.96 9.94 
 1 Stem 2.44 1.24 6.84 

  2 Stem 3.28 1.29 5.09 
Aoraki/Mount  1 Root 1.55 1.51   10.77 
Cook National 2 Root 2.75 1.60 6.07 
Park 3 Root  3.47 1.71 4.81 

 1 Leaf 1.58 1.63   10.57 
 2 Leaf 4.36 1.79 3.83 
 3 Leaf 3.62 1.88 4.61 
 1 Stem 4.12 1.36 4.05 
 2 Stem 5.60 1.23 2.98 

  3 Stem 2.91 1.55 5.74 
Mount 1 Root 4.51 1.71 3.70 
Aspiring 2 Root 4.49 1.76 3.72 
National Park 3 Root  4.85 1.83 3.44 
 4 Leaf 2.94 1.85 5.68 
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Table A.5 
continued      

Site 
location 

Plant  
no. 

Plant 
tissue type 

DNA concentration 
(ng/µL) 

DNA quality  
(A260/280) 

Volume  
added (µL) 

Mount 1 Leaf 2.79 1.88 5.99 
Aspiring 2 Leaf 1.22 1.78   13.69 

National Park 3 Stem 1.04 1.65   16.06 
 4 Stem 1.51 1.49   11.06 
 1 Stem 2.6 1.31 6.42 
 2 Root 2.01 1.25 8.31 
 3 Root 2.70 1.38 6.19 

  4 Root  1.71 1.63 9.71 
Craigeburn  1 Leaf 5.68 1.69 2.94 
Forest Park 2 Leaf 3.73 1.71 4.48 

 3 Leaf 5.03 1.35 3.32 
 1 Stem 3.02 2.04 5.53 
 2 Stem 5.23 1.64 3.19 
 3 Stem 3.24 1.95 5.15 
 1 Root 3.08 1.57 5.42 
 2 Root 1.60 1.52   10.44 

  3 Root  2.77 1.75 6.03 
Nelson Lakes  1 Leaf 3.87 1.80 4.32 
National Park 2 Leaf 3.68 1.71 4.54 
 3 Leaf 3.54 1.81 4.72 

 1 Stem 5.65 1.87 2.96 
 2 Stem 3.67 1.82 4.55 
 3 Stem 3.71 1.80 4.50 
 1 Root 4.70 1.24 3.55 

  2 Root 2.62 1.38 6.37 
 3 Root  3.45 1.26 4.84 

 

 
 

 

 

 

 

 



 
 

 

 

193 

A.6 Details of the 16S rRNA primers used including Illumina cell 
flow adaptors and a unique barcode to identify sample in libraries 

Primer code Primer Sequence (‘5  3’) 
341F_SC501 AATGATACGGCGACCACCGAGATCTACACACGACGTGTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC502 AATGATACGGCGACCACCGAGATCTACACATATACACTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC503 AATGATACGGCGACCACCGAGATCTACACCGTCGCTATATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC504 AATGATACGGCGACCACCGAGATCTACACCTAGAGCTTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC505 AATGATACGGCGACCACCGAGATCTACACGCTCTAGTTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC506 AATGATACGGCGACCACCGAGATCTACACGACACTGATATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC507 AATGATACGGCGACCACCGAGATCTACACTGCGTACGTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SC508 AATGATACGGCGACCACCGAGATCTACACTAGTGTAGTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD501 AATGATACGGCGACCACCGAGATCTACACAAGCAGCATATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD502 AATGATACGGCGACCACCGAGATCTACACACGCGTGATATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD503 AATGATACGGCGACCACCGAGATCTACACCGATCTACTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD504 AATGATACGGCGACCACCGAGATCTACACTGCGTCACTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD505 AATGATACGGCGACCACCGAGATCTACACGTCTAGTGTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD506 AATGATACGGCGACCACCGAGATCTACACCTAGTATGTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD507 AATGATACGGCGACCACCGAGATCTACACGATAGCGTTATGGTAATTGGCCTACGGGNGGCWGCAG 

341F_SD508 AATGATACGGCGACCACCGAGATCTACACTCTACACTTATGGTAATTGGCCTACGGGNGGCWGCAG 

805R_SC701 CAAGCAGAAGACGGCATACGAGATACCTACTGAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC702 CAAGCAGAAGACGGCATACGAGATAGCGCTATAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC703 CAAGCAGAAGACGGCATACGAGATAGTCTAGAAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC704 CAAGCAGAAGACGGCATACGAGATCATGAGGAAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC705 CAAGCAGAAGACGGCATACGAGATCTAGCTCGAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC706 CAAGCAGAAGACGGCATACGAGATCTCTAGAGAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC707 CAAGCAGAAGACGGCATACGAGATGAGCTCATAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC708 CAAGCAGAAGACGGCATACGAGATGGTATGCTAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC709 CAAGCAGAAGACGGCATACGAGATGTATGACGAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC710 CAAGCAGAAGACGGCATACGAGATTAGACTGAAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC711 CAAGCAGAAGACGGCATACGAGATTCACGATGAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 

805R_SC712 CAAGCAGAAGACGGCATACGAGATTCGAGCTCAGTCAGTCAGCCGACTACHVGGGTATCTAATCC 
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A.7 Details of the script for Illumina MiSeq analysis using Qiime 
1.8.1 
1. Join paired end with fastq join 

join_paired_ends.py -f forward_reads.fastq -r reverse_reads.fastq -o joined.fastq 

2. Quality (Phred 15 and maxee 0.5) and length (400 bp) trimming of fastq file  

-fastq_filter joined.fastq -fastq_trunclen 400 -fastq_truncqual 15 -fastq_maxee 0.5  -
fastqout filtered.fastq 

3. Combined fastq data from two Illumina Miseq runs 

filteredrun1.fastq filteredrun2.fastq >filteredjoin.fastq 

4. Converting to fasta from fastq file 

fastq_to_fasta -i filtered.fastq -o filteredjoin.fasta 

5. Combine all fasta file and add label according mapping file 

add_qiime_labels.py -i Allfastafile -m mappingfile.txt -c combined_seqs.fasta 

6.Filtering,dereplication, chimera check by USEARCH algorthm pick_otus.py -i 
combined_seqs.fasta -m usearch --db_filepath=/path/to/gold.fa -o usearch_qf_results/ --
word_length 64 

7. Pick up representative sequence for OTU picking 

pick_rep_set.py -i seqs_otus.txt -f seqs.fna -o rep_set_seqs.fasta 

8. Assign taxonomy to each sequenceusing RDP classifier 

assign_taxonomy.py -i repr_set_seqs.fasta -m rdp 

9. Generate tree of representative seq 

make_phylogeny.py -i repr_set_seqs.fasta -o rep_tree.tre 

10. Make an OTU table from an OTU map (i.e., result from pick_otus.py) and a taxonomy 
assignment file (i.e., result from assign_taxonomy.py) 

make_otu_table.py -i otu_map.txt -t tax_assignments.txt -o otu_table.biom  

11. Remove OTU belonged to chloroplast and Mitochondria from OTU table 

filter_taxa_from_otu_table.py -i otu_table.biom -o otunonplant.biom -n 
c__Chloroplast,f__mitochondria 

12. Run alpha and beta diversity analysis  

core_diversity_analyses.py -o alldataset/ -i otunonplant.biom -m mappingfile.txt -t 
rep_tree.tre -e 448  

13. Identify the core OTUs in otu_table.biom, defined as the OTUs that are present in at 
least 90% of the samples. 

compute_core_microbiome.py -i otunonplant.biom -otu_table_core.biom 

 
 

http://qiime.org/scripts/pick_otus.html
http://qiime.org/scripts/assign_taxonomy.html
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A.8 Details of the number of reads that were assigned to 
chloroplast or mitochondria DNA based on the Greengenes 
database 

Greengenes OTU ID Number of read Most related reference 
224617 38 Chloroplast 
432284 1594 Chloroplast 
110514 8 Chloroplast 
1131894 857 Chloroplast 
2307137 18 Chloroplast 
467605 2390903 Chloroplast 
1126072 18 Chloroplast 
4420570 349 Chloroplast 
735769 26001 Chloroplast 
35330 162 Chloroplast 
1141758 21 Chloroplast 
2680713 9 Chloroplast 
192539 22 Chloroplast 
1787644 1096 Chloroplast 
1892252 1805 Mitochondria 
113684 2 Chloroplast 
69292 1390 Chloroplast 
3359884 35324 Chloroplast 
4302241 14 Chloroplast 
262379 4 Chloroplast 
3254234 2 Mitochondria 
1793401 15 Chloroplast 
4468965 1 Mitochondria 
769222 633 Chloroplast 
442738 2314 Chloroplast 
2927689 1 Mitochondria 
4098845 7 Chloroplast 
3568710 1 Mitochondria 
4332202 616 Chloroplast 
1646255 425 Mitochondria 
1646259 94 Mitochondria 
New ReferenceOTU27 80 Chloroplast 
New ReferenceOTU31 2 Chloroplast 
New ReferenceOTU36 4 Chloroplast 
New ReferenceOTU64 1 Chloroplast 
New ReferenceOTU122 12 Chloroplast 
New ReferenceOTU149 9 Chloroplast 
New ReferenceOTU161 3 Chloroplast 
New ReferenceOTU174 5 Chloroplast 
New ReferenceOTU264 3 Chloroplast 
New ReferenceOTU395 9 Chloroplast 
New ReferenceOTU437 2 Chloroplast 
New ReferenceOTU464 1 Chloroplast 
New ReferenceOTU467 3 Chloroplast 
New ReferenceOTU522 4 Chloroplast 
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Table A.8 continued    
Greengenes OTU ID Number of read Most related reference 
New ReferenceOTU523 6 Chloroplast 
New ReferenceOTU560 4 Chloroplast 
New ReferenceOTU645 2 Chloroplast 
New ReferenceOTU671 4 Chloroplast 
New ReferenceOTU680 5 Mitochondria 
New ReferenceOTU733 4 Chloroplast 
New ReferenceOTU742 3 Chloroplast 
New ReferenceOTU768 2 Chloroplast 
New ReferenceOTU794 4 Chloroplast 
New ReferenceOTU803 2 Chloroplast 
New ReferenceOTU811 1 Chloroplast 
New ReferenceOTU820 258 Chloroplast 
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Appendix B 

 

B.1 Recipes of media types used for functionality assay  

Tricalcium phosphate medium (Frey-Klett et al., 2005)   per litre 

Tricalcium phosphate (Sigma-Aldrich, New Zealand)  4 g 

Glucose (Scharlau, Scharlab S.L.)     10 g 

Ammonium chloride (LabServ, Thermofisher Scientific Inc.)  5 g 

Sodium chloride (LabServ, Thermofisher Scientific Inc.)  1 g  

Magnesium sulphate (Scharlau, Scharlab S.L.)   1 g  

DifcoTM agar (Difco, Becton, Dickinson and Company)  20 g 

pH adjusted to 7.2 

 

Luria Bertani broth with 5 mM L- tryptophan (Mishra et al., 2008)   per litre 

Bacteriological peptone (Difco, Becton, Dickinson and Company)  10 g 

Yeast Extract (Difco, Becton, Dickinson and Company)   5 g 

Sodium chloride (LabServ, Thermofisher Scientific Inc.)   10 g 

L-tryptophan (Sigma-Aldrich, Sigma-Aldrich Co. LLC)   0.489 mg 

 

Salkowski reagent (Gordon & Weber, 1951) 

4.5 g of iron(III) chloride (Fischer Scientific, Thermofisher Scientific Inc.) in 1 L of 10.8 M 
sulfuric acid (Fischer Scientific, Thermofisher Scientific Inc.). 

 

Chrome Azurol S (CAS) agar (Schwyn & Neilands, 1987) 

The following solutions were prepared separately. 

Solution 1: Fe-CAS indicator solution (100 mL) 

10 mL of 1 mM Iron(III) chloride (LabServ, Thermofisher Scientific Inc.) in 10 mM 
hydrochloric acid (Fischer Scientific, Thermofisher Scientific Inc.) 

50 mL aqueous solution of CAS (Sigma-Aldrich, Sigma-Aldrich Co. LLC) (1.21 mg mL 1).  
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This dark purple mixture was gradually added, with constant stirring, to 40 mL of an 
aqueous solution of hexadecyltrimethylammonium bromide (HDTMA; 1.82 mg mL-1) 
(Sigma-Aldrich, Sigma-Aldrich Co. LLC) causing the colour to change to dark blue. The 
solution was then autoclaved (15 min, 121ºC, 15 Psi) and allowed to cool to 50ºC. 

 

Solution 2: the buffer solution 

Dissolve 30.24 g of piperazine-N,N′-bis (2-ethanesulfonic acid) (PIPES) Sigma-Aldrich, 
Sigma-Aldrich Co. LLC)  in 750 mL of a salt solution containing: 

0.3 g KH2PO4 

0.5 g NaCl 

1.0 g NH4Cl 

The pH was adjusted to 6.8 using 50% (w:v) KOH, then water was added to make up to a 
total volume of 800 mL. 15 g of agar was added to this solution before it was autoclaved 
and allowed to cool to 50ºC. 

 

Solution 3 

The following were added to 70 mL of water: 

2 g glucose 

2 g mannitol 

493 mg MgSO4.7H2O 

11 mg CaCl2 

1.17 mg MnSO4.H2O 

1.4 mg H3BO3 

0.04 mg CuSO4.5H2O 

1.2 mg ZnSO4.7H2O 

1.0 mg Na2MoO4.2H20. 

The solution was then autoclaved and allowed to cool to 50ºC. 

 

Solution 4 

3 g cas amino acids was dissolved into 30 mL of water (10% w:v). The cas amino acid 
solution was filter sterilised using a sterile syringe and 0.22 μm Millipore filter unit. Under 
aseptic conditions, solution 3 was added to solution 2, solution 4 was then added to this, 
and lastly, solution 1 was added with enough stirring to thoroughly mix the solutions 
without producing bubbles. The poured agar was cyan blue to sea-green in colour. 
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Waksman agar         per litre 

Bacteriological peptone (Difco, Becton, Dickinson and Company)  5 g 

Beef extract (Acumedia, Neogen)      5 g 

Sodium chloride (LabServ, Thermofisher Scientific Inc.)   5 g 

Glucose (Scharlau, Scharlab S.L.)      10 g 

DifcoTM agar (Difco, Becton, Dickinson and Company)   15 g 

pH adjusted to 7.2 

 

Peptone sucrose agar (Scortichini, 1994)  per litre 

Bacteriological peptone (Difco, Becton, Dickinson and Company)  10 g 

Sucrose          10 g 

DifcoTM agar (Difco, Becton, Dickinson and Company)   14 g 
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B.6 Details of the endophytic bacteria recovered from five different sites with their activities in the 
different functionality assay.  
TCP: Phosphate solubilizing activity on tricalcium phosphate; HA: Phosphate solubilizing activity on 
hydroxyapatite; Siderophore: Siderophore production activity on CAS agar; IAA: Auxin production 
activity on Luria Broth ammended with tryptophan; Neofusicoccum luteum: Antagonistic activity against 
Neofusicoccum luteum on Waksman agar; Ilyonectria liriodendri: Antagonistic activity against 
Ilyonectria liriodendri on Waksman agar; Psa: Antagonistic activity against Pseudomonas syringae pv. 
actinidiae on peptone sucrose agar 

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

M1L11 Makirikiri - - - - - - - 
M1L21 Makirikiri - - - - - - - 
M1L31 Makirikiri - - - - - - - 
M1L32 Makirikiri - - - - - - - 
M1L33 Makirikiri - - - - - - - 
M1S11 Makirikiri ++ + +++ ++ - - - 
M1S12 Makirikiri ++ + +++ ++ - - - 
M1S51 Makirikiri - - - + - - - 
M2L21 Makirikiri - + - - - - - 
M2R11 Makirikiri + ++ ++ - - - - 
M2R12A Makirikiri ++ ++ + ++ - - - 
M2R12B Makirikiri - + +++ - + + - 
M2R13A Makirikiri + + ++ - - - - 
M2R13B Makirikiri + + ++ - - - - 
M2R14 Makirikiri ++ ++ +++ - - - - 
M2R21A Makirikiri + + +++ + + - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

M2R21B Makirikiri + + +++ - - - - 
M2R22A Makirikiri + + ++ - - - - 
M2R22B Makirikiri ++ + ++ - + - - 
M2R23A Makirikiri - + +++ ++ - - - 
M2R23B Makirikiri + + ++ +++ + + - 
M2R24 Makirikiri - + +++ - - + - 
M2R31A Makirikiri + + +++ + - - - 
M2R31B Makirikiri + + ++ - - - - 
M2R32A Makirikiri + + +++ - + - - 
M2R32B Makirikiri ++ - ++ - - - - 
M2R33A Makirikiri + + ++ - - - - 
M2R33B Makirikiri - + +++ + - - - 
M2R41A Makirikiri + + ++ ++ - - - 
M2R41B Makirikiri + + +++ - - + - 
M2R42 Makirikiri - + ++ ++ - - - 
M2R42B Makirikiri ++ ++ ++ - - - - 
M2R43A Makirikiri - + ++ - + + - 
M2R43B Makirikiri + ++ ++ - - + - 
M2R44A Makirikiri + + ++ + + - - 
M2R44B Makirikiri + + + - - + - 
M2R51A Makirikiri ++ + ++ - - - - 
M2R51AP Makirikiri ++ + ++ ++ - - - 
M2R51B Makirikiri ++ +++ +++ - + + - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

M2R51BP Makirikiri - + +++ - + - - 
M2R52 Makirikiri + ++ ++ - + - - 
M2R53 Makirikiri +++ +++ +++ + - - - 
M2R53A Makirikiri + + ++ - + - - 
M2R53B Makirikiri +++ ++ + ++ - - - 
M2R54 Makirikiri +++ ++ + ++ - - - 
M2R54A Makirikiri ++ + +++ ++ - - - 
M2R54B Makirikiri + + ++ - - - - 
M2S21 Makirikiri - + + + - - - 
M2S22 Makirikiri - - - - - - - 
M3L11 Makirikiri - - - - - - - 
M3R21 Makirikiri +++ ++ +++ + - - - 
M3R32 Makirikiri +++ ++ +++ - - - - 
M3R33 Makirikiri - +++ +++ - - - - 
M3R33A Makirikiri +++ +++ + ++ - - - 
M3R33B Makirikiri +++ ++ +++ - - - - 
M3R34 Makirikiri + + +++ - - + - 
M3R34A Makirikiri ++ ++ +++ + - - - 
M3R34B Makirikiri + ++ - ++ + - - 
M3R34C Makirikiri - - + + ++ - - 
M3R41A Makirikiri +++ ++ +++ - - - - 
M3R41B Makirikiri + + +++ + + - - 
M3R42A Makirikiri +++ ++ ++ - - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

M3R42B Makirikiri + + +++ - - - - 
M3R43 Makirikiri +++ +++ +++ - - - - 
M3R44 Makirikiri ++ + +++ - - - - 
M3R51A Makirikiri + + +++ - - - - 
M3R52A Makirikiri + + +++ - ++ ++ - 
M3R52B Makirikiri + + ++ - - - - 
M3R5A Makirikiri + + +++ - ++ - - 
M3S12 Makirikiri - - - - - - - 
11R22 Island Hill Station ++ ++ +++ - - - - 
17MS21 Island Hill Station + - - + - - - 
I1L11 Island Hill Station - - - - - - - 
I1R11 Island Hill Station + - - - - - - 
I1R11P Island Hill Station ++ ++ +++ ++ ++ - - 
I1R12 Island Hill Station ++ + +++ + + ++ - 
I1R12P Island Hill Station ++ + +++ + - - - 
I1R13 Island Hill Station - ++ +++ - ++ - - 
I1R14 Island Hill Station + + +++ - ++ + - 
I1R21P Island Hill Station ++ ++ +++ ++ - - - 
I1YS11 Island Hill Station + + - - - - - 
I2L21 Island Hill Station - + - - - - - 
I2MS22 Island Hill Station + + - - - - - 
I2R11 Island Hill Station + + + - - - - 
I2R12 Island Hill Station + + +++ - ++ - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

I2R21 Island Hill Station - + ++ - +++ +++ - 
I2YS11 Island Hill Station + + - - - - - 
I2YS12 Island Hill Station - + - - - - - 
I2YS21 Island Hill Station - + - - - - - 
I2YS22 Island Hill Station - + - - + - - 
I2YS53 Island Hill Station - - - - - - - 
I3MS11 Island Hill Station + + - - - - - 
I3MS21 Island Hill Station - - - - - - - 
I3MS22 Island Hill Station + - - - - - - 
I3R11A Island Hill Station - + +++ + - - - 
I3R11B Island Hill Station - - - + - - - 
I3R21P Island Hill Station + + +++ - - - - 
I3R21A Island Hill Station + + + + + + - 
I3R21B Island Hill Station ++ + - - - + - 
I3R22A Island Hill Station +++ ++ +++ - - - - 
I3R22B Island Hill Station - - + - - - - 
I3YS11 Island Hill Station - + + + - - - 
I3YS12 Island Hill Station + + - + - - - 
I4L11 Island Hill Station + + +++ + - - - 
I4L11A Island Hill Station - - - - - - - 
I4L21 Island Hill Station + - - - - - - 
I4R11 Island Hill Station ++ + +++ ++ - - - 
I4YS21 Island Hill Station + + - - - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

I5MS11 Island Hill Station - + - - - - - 
I5MS12 Island Hill Station - - - - - - - 
I5MS21 Island Hill Station - - - - + - - 
I5MS31 Island Hill Station - + - - - - - 
I5R21 Island Hill Station + - - - - - - 
I5YS11 Island Hill Station - + - - - - - 
I5YS21 Island Hill Station - + - - - - - 
I6YS11 Island Hill Station + - - + - - - 
I7L21 Island Hill Station + - - - - - - 
I8L11 Island Hill Station + + - - - - - 
I8L21 Island Hill Station - - - - - - - 
I8R11 Island Hill Station + + - + - - - 
I8R21 Island Hill Station - - ++ - - - - 
I8YS11A Island Hill Station - - - - - - - 
I8YS12 Island Hill Station + + - - - + - 
I8YS21 Island Hill Station - - - - - - - 
I8YS22 Island Hill Station - + - - - - - 
I9L21 Island Hill Station - + - - - - - 
I9R11 Island Hill Station + - ++ + - - - 
I9R21 Island Hill Station + + +++ + - - - 
I9R21A Island Hill Station + - - - - - - 
I9R21B Island Hill Station + + + - - - - 
I9YS11 Island Hill Station + + - + - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

I9YS12 Island Hill Station + - - - - - - 
I9YS21 Island Hill Station + + + + - - - 
R1R11 Wairarapa - - +++ - ++ + + 
R1R11A Wairarapa + ++ +++ - ++ + + 
R1R11B Wairarapa ++ + +++ + - - + 
R1R12 Wairarapa + + ++ - - - - 
R1R13A Wairarapa ++ - - - - - - 
R1R13B Wairarapa - - - - - - - 
R1R14 Wairarapa ++ ++ +++ + - - - 
R1R21 Wairarapa + + +++ + + - - 
R1R22P Wairarapa - - - - - - - 
R1R23 Wairarapa - - - - - - - 
R1R24 Wairarapa - - + - + - - 
R1R31 Wairarapa - - + - + - - 
R1R32 Wairarapa ++ ++ +++ ++ - - - 
R1R33 Wairarapa +++ ++ +++ ++ - - - 
R1R34 Wairarapa ++ ++ ++ + - - - 
R1YS31 Wairarapa + - - - - - - 
R2MS11 Wairarapa +++ ++ +++ + - ++ + 
R2MS21 Wairarapa - - - - - - - 
R2R11 Wairarapa - - - - - - - 
R2R12 Wairarapa - + - - - - - 
R2R13 Wairarapa - + - + - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

R2R21A Wairarapa ++ ++ +++ - - - + 
R2R21B Wairarapa - - + - - - - 
R2R22 Wairarapa + + + - - - - 
R2R23 Wairarapa + + +++ + - - - 
R2R31 Wairarapa + - - + - - - 
R2R32 Wairarapa + + - - - - - 
R2YS21 Wairarapa + + - - - - - 
R3MS11 Wairarapa +++ ++ + + - - - 
R3MS21 Wairarapa + + + - - - - 
R3MS22 Wairarapa + + +++ + + ++ - 
R3R11 Wairarapa +++ +++ + + ++ - - 
R3R21 Wairarapa + + ++ - ++ - - 
R3R22 Wairarapa + + + ++ - - - 
R3R31 Wairarapa + + +++ + - - - 
R3R32 Wairarapa - ++ +++ +++ - - - 
R3R41B Wairarapa + + ++ + - - - 
R4R21A Wairarapa +++ +++ ++ ++ - - - 
R4R21AP Wairarapa ++ + +++ - - + ++ 
R4R22 Wairarapa +++ + ++ + + - - 
R4R31A Wairarapa + + +++ - + - - 
R4R31B Wairarapa ++ + +++ + - - - 
R4R31C Wairarapa +++ + ++ + + - - 
R5R11 Wairarapa - + +++ + - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

R2R21A Wairarapa ++ ++ +++ - - - + 
R2R21B Wairarapa - - + - - - - 
R2R22 Wairarapa + + + - - - - 
R2R23 Wairarapa + + +++ + - - - 
R2R31 Wairarapa + - - + - - - 
R2R32 Wairarapa + + - - - - - 
R2YS21 Wairarapa + + - - - - - 
R3MS11 Wairarapa +++ ++ + + - - - 
R3MS21 Wairarapa + + + - - - - 
R3MS22 Wairarapa + + +++ + + ++ - 
R3R11 Wairarapa +++ +++ + + ++ - - 
R3R21 Wairarapa + + ++ - ++ - - 
R2R21A Wairarapa ++ ++ +++ - - - + 
R2R21B Wairarapa - - + - - - - 
R6R12B Wairarapa + + +++ - - - - 
R6R13 Wairarapa - + ++ - - - - 
R6R21A Wairarapa + + ++ - - - - 
R6R21B Wairarapa + + ++ - + - - 
R6R22 Wairarapa ++ + +++ - - - - 
R6R31 Wairarapa - - + - + - - 
R6R32A Wairarapa ++ - - - - - - 
R6R32B Wairarapa + + ++ + - - - 
R6R32C Wairarapa + + - - - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

T1MS11 Travis Wetland +++ - - - - - - 
T1MS12 Travis Wetland - + - + - - - 
T1R11 Travis Wetland ++ - +++ - - + - 
T1R11P Travis Wetland +++ + +++ - - - - 
T1R12P Travis Wetland + ++ +++ - - - ++ 
T1R21 Travis Wetland ++ ++ ++ - - - ++ 
T1R22 Travis Wetland +++ ++ +++ + - - - 
T1R23 Travis Wetland +++ ++ - - - - - 
T1R24 Travis Wetland ++ + ++ - - - - 
T1R31 Travis Wetland +++ + +++ - - - - 
T2MS11 Travis Wetland ++ + + - - - - 
T2MS12 Travis Wetland ++ + - - - - - 
T2MS21 Travis Wetland ++ - - - - - - 
T2MS22 Travis Wetland ++ - - - - - - 
T2MS23 Travis Wetland ++ + - - - - - 
T2MS31A Travis Wetland ++ ++ ++ - - - - 
T2MS31B Travis Wetland + - - + - - - 
T2MS32 Travis Wetland ++ ++ + - - - - 
T2R11 Travis Wetland +++ ++ +++ + - - - 
T2R11P Travis Wetland +++ +++ +++ + - - - 
T2R12 Travis Wetland ++ ++ - + - - - 
T2R21P Travis Wetland + + - - - - - 
T2R22 Travis Wetland +++ - ++ - - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

T2R31 Travis Wetland ++ - - - - - - 
T2R33P Travis Wetland ++ + - - - + - 
T2R34 Travis Wetland + - - - + + - 
T2R38 Travis Wetland ++ ++ + + - - - 
T3L21 Travis Wetland - + - - - - - 
T3R11 Travis Wetland + ++ ++ - - - - 
T3R12 Travis Wetland + - - - - - - 
T3R12P Travis Wetland +++ + +++ - - - - 
T3R21 Travis Wetland + + +++ - ++ - - 
T3R21P Travis Wetland + + - + - - - 
T3R22 Travis Wetland +++ ++ +++ + - - - 
T3R23 Travis Wetland ++ - + + - - - 
T3R31P Travis Wetland ++ + - + - - - 
T3R32 Travis Wetland + - - - - - - 
T3R32AP Travis Wetland + + +++ - - - - 
T3R33 Travis Wetland - + - + - - - 
T4L31 Travis Wetland + - - + - - - 
T4L32 Travis Wetland - - - + - - - 
T4MS1P Travis Wetland +++ ++ +++ - + ++ - 
T4MS12A Travis Wetland +++ +++ ++ + - - - 
T4MS12B Travis Wetland +++ - ++ - - - - 
T4MS21 Travis Wetland + ++ +++ - + - - 
T4MS22 Travis Wetland - - - + - - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

T4MS23 Travis Wetland ++ ++ +++ + - + - 
T4MS24 Travis Wetland ++ ++ +++ - - - - 
T4MS31 Travis Wetland ++ ++ +++ + - - - 
T4MS31A Travis Wetland ++ - ++ - - - - 
T4MS31B Travis Wetland ++ ++ +++ + - + - 
T4MS32 Travis Wetland ++ ++ +++ + - + - 
T4MS32A Travis Wetland - ++ - + - - - 
T4MS32AP Travis Wetland - - +++ + + + ++ 
T4MS32B Travis Wetland - - - - - - - 
T4MS33 Travis Wetland ++ ++ +++ + - + ++ 
T4R12P Travis Wetland - + +++ - + - - 
T4R21 Travis Wetland +++ + +++ - - - - 
T4R21P Travis Wetland + + +++ + + - - 
T4R22 Travis Wetland ++ ++ +++ - + - - 
T4R31P Travis Wetland ++ - +++ - + - - 
T4R32AP Travis Wetland + + ++ + - - - 
T5MS11 Travis Wetland + + - + - - - 
T5MS31 Travis Wetland + - + - - ++ - 
T5MS32 Travis Wetland - - - + - - - 
T5MS33 Travis Wetland - + - + - - - 
T5R21 Travis Wetland - ++ ++ - - - + 
T5R22 Travis Wetland - + +++ - - - - 
T5R31 Travis Wetland +++ ++ + + + - - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

T5R32 Travis Wetland +++ ++ + - - - - 
W1R12 West Coast + + ++ - - - - 
W1R13 West Coast - - ++ - + ++ - 
W1R22 West Coast ++ - ++ - - - - 
W1R23 West Coast + ++ ++ - + - - 
W1R24 West Coast ++ + +++ - - - - 
W1R31 West Coast ++ + ++ - - +++ - 
W1R33 West Coast - + ++ - - +++ - 
W2L11 West Coast - + + - - - - 
W2L12 West Coast - - - ++ - - - 
W2L21 West Coast + + - - - - - 
W2L23 West Coast - - + + - - - 
W2MS31 West Coast + +++ +++ ++ - - - 
W2R22 West Coast ++ + + ++ - - - 
W2R31 West Coast ++ ++ ++ + - - - 
W3R11 West Coast +++ - - + - - - 
W3R12 West Coast +++ +++ +++ + - - - 
W3R21A West Coast ++ +++ +++ - + + - 
W3R21B West Coast + + +++ - - - - 
W3R23 West Coast ++ + +++ - - - - 
W3R31 West Coast - - + + - ++ - 
W3R32 West Coast +++ + +++ - - - - 
W4R11 West Coast ++ ++ ++ ++ +++ +++ - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

W4R12 West Coast + + - - - - - 
W4R21 West Coast - - - ++ - - - 
W4R22 West Coast ++ + ++ + - ++ - 
W4R31 West Coast + + +++ - + + - 
W4R32 West Coast - - + - - - - 
W5R21 West Coast ++ ++ ++ - - ++ - 
W6R11 West Coast ++ + ++ - + + - 
W6R12 West Coast ++ ++ - + - - - 
W6R12A West Coast ++ ++ +++ - +++ +++ - 
W6R12B West Coast ++ + +++ - - - - 
W6R13 West Coast ++ - +++ - - - - 
W6R31 West Coast ++ ++ ++ + - - - 
W6R32 West Coast - ++ ++ - - - - 
W7R11 West Coast - - +++ - - +++ - 
W7R12 West Coast - - - - - - - 
W7R13 West Coast - - +++ - + +++ - 
W7R21 West Coast - + ++ - - +++ - 
W7R22 West Coast - - +++ - - +++ - 
W7R31 West Coast - - ++ + - +++ - 
W7R32 West Coast - - - - - - - 
W8R11 West Coast - + - - - - - 
W8R12 West Coast - + +++ - + + - 
W8R13 West Coast + ++ +++ - + + - 
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Table B.6 
continued         

Isolate code Sampling 
site TCP HA Siderophore IAA Ilyonectria 

lirodendri 
Neofusicoccum 

luteum Psa 

W8R21 West Coast - + +++ - + - - 
W8R22 West Coast ++ - ++ - - ++ - 
W8R31 West Coast - + +++ - + + - 
W8R32 West Coast + + ++ + + + - 
W8R33 West Coast - + ++ - - + - 
W9R11 West Coast + + + ++ - - - 
W9R12 West Coast - - - +++ - - - 
W9R21 West Coast + + - - - - - 
W9R22 West Coast + - + ++ - + - 
W9R23A West Coast + + + +++ - - - 
W9R23B West Coast - - - ++ - - - 
W9R31 West Coast - + - +++ - - - 
W9R32 West Coast - - - - - - - 
W9YS11 West Coast + + ++ ++ + - - 

- = no activity, += weak activity, ++= moderate activity, +++ = high activity  
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B.7 Kruskal-Wallis test of bioactive properties of bacteria 
collection 
B.7.1 Kruskal-Wallis test of effect of plant tissue on phosphate solubilizing on TCP.  

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 81.1 -4.50 
Stem 76 2.00 154.7 3.58 
Root 230 2.00 177.9 -1.13 
Overall 330 165.5   
DF=2    P<0.001 

 

B.7.2 Kruskal-Wallis test of effect of plant tissue on phosphate solubilizing on HA.  

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 79.4 -4.59 
Stem 76 2.00 152.8 3.81 
Root 230 2.00 178.7 -1.32 
Overall 330 165.5   
DF=2    P<0.001 

 

B.7.3 Kruskal-Wallis test of effect of plant location on phosphate solubilizing on 
TCP.  

Sampling site N Median Ave Rank Z 
Island Hill Station 63 2.00 131.1 -3.18 
Makirikiri 71 2.00 170.8 0.53 
Travis Wetland 70 3.00 210.7 4.47 
Wairarapa 67 2.00 157.1 -0.8 
West Coast 59 2.00 151.6 -1.23 
Overall 330 165.5   
DF=4    P<0.001 
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B.7.4 Kruskal-Wallis test of effect of plant location on phosphate solubilizing on 
HA. 

Sampling site N Median Ave Rank Z 
Island Hill Station 63 2.00 139.4 -2.42 
Makirikiri 71 2.00 189.4 2.39 
Travis Wetland 70 2.00 179.4 1.38 
Wairarapa 67 2.00 158.1 -0.71 
West Coast 59 2.00 156.5 -0.8 
Overall 330 165.5   
DF=4    P=0.009 

  

B.7.5 Kruskal-Wallis test of effect of plant tissue on auxin production (IAA). 

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 132.1 -1.78 
Stem 76 1.00 165.8 0.99 
Root 230 1.00 168.0 0.03 
Overall 330 165.5   
DF=2    P=0.109 

 

B.7.6 Kruskal-Wallis test of effect of plant location on auxin production (IAA). 

Sampling site N Median Ave Rank Z 
Island Hill Station 63 1.00 149.5 1.48 
Makirikiri 71 1.00 165.4 -0.01 
Travis Wetland 70 1.00 165.8 0.03 
Wairarapa 67 1.00 174.3 0.84 
West Coast 59 1.00 172.3 0.61 
Overall 330 165.5   
DF=4    P=0.462 

 

B.7.7 Kruskal-Wallis test of effect of plant tissue on siderophore production on CAS 
agar. 

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 65.1 -5.35 
Stem 76 1.00 106.3 -6.17 
Root 230 3.00 168.0 8.68 
Overall 330 165.5   
DF=2    P<0.001 
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B.7.8 Kruskal-Wallis test of effect of plant location on siderophore production on 
CAS agar. 

Sampling site N Median Ave Rank Z 
Island Hill Station 63 1.00 118.2 -4.38 
Makirikiri 71 3.00 199.6 3.4 
Travis Wetland 70 3.00 163.7 -0.18 
Wairarapa 67 3.00 167.4 0.19 
West Coast 59 3.00 175.1 0.85 
Overall 330 165.5   
DF=4    P<0.001 

 

B.7.9 Kruskal-Wallis test of effect of plant tissue on dual assay against Ilyonectria 
liriodendrI on Waksman agar. 

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 135.1 -1.71 
Stem 76 1.00 150.1 2.44 
Root 230 1.00 173.9 -1.61 
Overall 330 165.5   
DF=2    P=0.001 

 

B.7.10 Kruskal-Wallis test of effect of plant location on dual assay against 
Ilyonectria liriodendrI on Waksman agar. 

Sampling site N Median Ave Rank Z 
Island Hill Station 63 1.00 158.5 -0.64 
Makirikiri 71 1.00 172.5 0.70 
Travis Wetland 70 1.00 156.4 -0.90 
Wairarapa 67 1.00 168.2 0.26 
West Coast 59 1.00 172.2 0.59 
Overall 330 165.5   
DF=4    P=0.466 

 

B.7.11 Kruskal-Wallis test of effect of plant tissue on dual assay against 
Neofusicoccum luteum on Waksman agar. 

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 137.5 -1.49 
Stem 76 1.00 159.0 -0.67 
Root 230 1.00 170.6 1.46 
Overall 330 165.5   
DF=2    P=0.028 
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B.7.12 Kruskal-Wallis test of effect of plant location on dual assay against 
Neofusicoccum luteum on Waksman agar. 

Sampling site N Median Ave Rank Z 
Island Hill Station 63 1.00 153.1 -1.15 
Makirikiri 71 1.00 161.8 -0.37 
Travis Wetland 70 1.00 160.2 -0.52 
Wairarapa 67 1.00 152.0 -1.30 
West Coast 59 1.00 204.8 3.49 
Overall 330 165.5   
DF=4    P<0.001 

 

B.7.13 Kruskal-Wallis test of effect of plant tissue on dual assay against 
Pseudomonas syringae pv. actinidiae. 

Sampling site N Median Ave Rank Z 
Leaf 24 1.00 160.0 -0.29 
Stem 76 1.00 166.6 0.11 
Root 230 1.00 165.7 0.06 
Overall 330 165.5   
DF=2    P=0.627 

 

B.7.14 Kruskal-Wallis test of effect of plant location on dual assay against 
Pseudomonas syringae pv. actinidiae. 

Sampling site N Median Ave Rank Z 
Island Hill Station 63 1.00 160.0 -0.51 
Makirikiri 71 1.00 160.0 -0.55 
Travis Wetland 70 1.00 171.9 0.63 
Wairarapa 67 1.00 174.6 0.88 
West Coast 59 1.00 160.0 -0.49 
Overall 330 165.5   
DF=4    P=0.003 

 

B.8 Analysis of variance of effect of bacteria inoculation on plant 
growth parameters 
B.8.1 ANOVA result of effect of bacteria inoculation on plant height. 

Source DF SS MS F P 
Bacteria  8 489.1 61.14      2.30 0.03 
Error 67 1780.0    26.57 

  

Total 75 2269.1 
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B.8.2 ANOVA result of effect of bacteria inoculation on branches number. 

Source DF SS MS F P 
Bacteria  8 827.8   103.47 2.85 0.009 
Error 67 2433.2 36.32 

  

Total 75 3261 
   

 

B.8.3 ANOVA result of effect of bacteria inoculation on shoot dry weight. 

Source DF SS MS F P 
Bacteria 8 0.7183 0.08979 2.60 0.015 

Error 67 2.3132 0.03453 
  

Total 75 3.0315 
   

 

B.8.4 ANOVA result of effect of bacteria inoculation on root dry weight. 

Source DF SS MS F P 
Bacteria  8 0.07825 0.009782 2.18 0.040 
Error 67 0.30089 0.00491 

  

Total 75 0.37914 
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B.9 Pairwise comparison based on PERMANOVA analysis of 
essential oil profile  
Transform: Square root 
Resemblance: S17 Bray-Curtis similarity 
Sums of squares type: Type III (partial) 
Fixed effects sum to zero for mixed terms 
Permutation method: Unrestricted permutation of raw data 
Number of permutations: 999 
 
Groups t P(perm) 
Pseudomonas sp. M3R43, Pseudomonas sp. I1R11P 1.1711 0.311 
Pseudomonas sp. M3R43, Rahnella sp. R4R21A 2.1241 0.103 
Pseudomonas sp. M3R43, Erwinia sp. T4MS11P 1.5941 0.104 
Pseudomonas sp. M3R43, Burkholderia sp. W6R12A 2.0554 0.108 
Pseudomonas sp. M3R43, West Coast consortium 1.8748 0.11 
Pseudomonas sp. M3R43, All bacteria consortium 1.7163 0.191 
Pseudomonas sp. M3R43, Control 1.4946 0.114 
Pseudomonas sp. I1R11P, Rahnella sp. R4R21A 1.6871 0.101 
Pseudomonas sp. I1R11P, Erwinia sp. T4MS11P 1.0376 0.509 
Pseudomonas sp. I1R11P, Burkholderia sp. W6R12A 2.0965 0.097 
Pseudomonas sp. I1R11P, West Coast consortium 1.1708 0.286 
Pseudomonas sp. I1R11P, All bacteria consortium 0.96326 0.588 
Pseudomonas sp. I1R11P, Control 1.2205 0.089 
Rahnella sp. R4R21A, Erwinia sp. T4MS11P 2.0469 0.088 
Rahnella sp. R4R21A, Burkholderia sp. W6R12A 1.404 0.09 
Rahnella sp. R4R21A, West Coast consortium 2.0589 0.095 
Rahnella sp. R4R21A, All bacteria consortium 2.3449 0.092 
Rahnella sp. R4R21A, Control 2.1721 0.096 
Erwinia sp. T4MS11P, Burkholderia sp. W6R12A 2.0824 0.11 
Erwinia sp. T4MS11P, West Coast consortium 1.0932 0.301 
Erwinia sp. T4MS11P, All bacteria consortium 1.1667 0.277 
Erwinia sp. T4MS11P, Control 1.2014 0.204 
Burkholderia sp. W6R12A, West Coast consortium 1.958 0.1 
Burkholderia sp. W6R12A, All bacteria consortium 2.4651 0.104 
Burkholderia sp. W6R12A, Control 1.9957 0.103 
West Coast consortium, All bacteria consortium 0.75953 0.798 
West Coast consortium, Control 1.5324 0.095 
All bacteria consortium,  Control 1.6765 0.19 
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B.10 Analysis of variance of effect of bacteria inoculation on 
essential oil contents  
B.10.1 ANOVA result of effect of bacteria inoculation on -elemene content. 

Source DF SS MS F P 
Bacteria  7 3.273   0.4676      0.76     0.626 
Error 16 9.812   0.6132 

  

Total 23 13.085 
   

 

B.10.2. ANOVA result of effect of bacteria inoculation on -selinene content. 

Source DF SS MS F P 
Bacteria  7 0.6373 0.09105 1.23 0.343 
Error 16 1.1852   0.07408 

  

Total 23 1.8225 
   

 

B.10.3 ANOVA result of effect of bacteria inoculation on -selinene content.  

Source DF SS MS F P 
Bacteria  7 0.7491   0.10702      1.32     0.304 
Error 16 1.2986   0.08116 

  

Total 23 2.0477 
   

 

B.10.4 ANOVA result of effect of bacteria inoculation on grandiflorone content.  

Source DF SS MS F P 
Bacteria  7 6.173   0.8819      4.85     0.004 
Error 16 2.908   0.1818 

  

Total 23 9.082 
   

 

B.10.5 ANOVA result of effect of bacteria inoculation on nor-grandiflorone content. 

Source DF SS MS F P 
Bacteria  7 3.288   0.4697      2.30     0.079 
Error 16 3.265   0.2041 

  

Total 23 6.553 
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C.3 Representative effect of bacterial inoculation on the 
morphology of Neofusicoccum parvum hyphae in dual culture.  
Hyphae without (a) and with (b) inoculation of Burkholderia sp. 
W6R12A. White arrows indicates swelling of hyphal tips 

 
 

C.4 Analysis of variance of the antagonistic activities of 
endophytic bacteria toward against six botryosphaeriaceous 
species in the dual culture assay 
C.4.1 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
luteum colony growth in the dual culture assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 137.0 15.219 3.04     0.018 

Error 20 100.0 5.000 
  

Total 29 237.0 
   

 

C.4.2 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
parvum colony growth in the dual culture assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 2227 247.4      2.39     0.05 

Error 20 2067 103.4 
  

Total 29 4294 
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C.4.3 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
australe colony growth in the dual culture assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 152.13   16.904     11.79 <0.001 

Error 20 28.67    1.433 
  

Total 29 180.80 
   

 

C.4.4 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
ribis colony growth in the dual culture assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 889.6    98.85      5.69     <0.001 

Error 20 347.3    17.37 
  

Total 29 1237.0 
   

 

C.4.5 ANOVA result of the effect of endophytic bacteria against Diplodia mutila 
colony growth in the dual culture assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 639.33   71.037     19.37     <0.001 

Error 20 73.33    3.667 
  

Total 29 712.67 
   

 

C.4.6 ANOVA result of the effect of endophytic bacteria against Diplodia seriata 
colony growth in the dual culture assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 383.20 42.578     10.56     <0.001 

Error 20 80.67    4.033 
  

Total 29 463.87 
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C.5 Analysis of variance antagonistic activities of endophytic 
bacteria toward against six botryosphaeriaceous species on 
volatile assay 
C.5.1 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
luteum colony growth in the volatile assay. 

Source DF SS MS  F P 
Bacteria 
treatment 

9 6683.0   742.55      41.02     <0.001 

Error 20 362.0    18.10  
  

Total 29 7045.0 
 

 
  

 

C.5.2 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
parvum colony growth in the volatile assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 12926 1436.24     22.38     <0.001 

Error 20 1283 64.17 
  

Total 29 14209 
   

 

C.5.3 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
australe colony growth in the volatile assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 7224.0   802.67     27.09     <0.001 

Error 20 592.7    29.63 
  

Total 29 7816.7 
   

 

C.5.4 ANOVA result of the effect of endophytic bacteria against Neofusicoccum 
ribis colony growth in the volatile assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 8385 931.63     18.51   <0.001 

Error 20 1007    50.33 
  

Total 29 9391 
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C.5.5 ANOVA result of the effect of endophytic bacteria against Diplodia mutila 
colony growth in the volatile assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 7171.6   796.85     20.45     <0.001 

Error 20 779.3    38.97 
  

Total 29 7951.0 
   

 

C.5.6 ANOVA result of the effect of endophytic bacteria against Diplodia seriata 
colony growth in the volatile assay. 

Source DF SS MS F P 
Bacteria 
treatment 

9 4259.4   473.26     19.56     <0.001 

Error 20 484.0    24.20 
  

Total 29 4743.4 
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C.6 Sequence analysis of amplicon from specific antibiotic producing gene PCR using BlastX 
 
 
 

Group of antibiotic Isolate origin Closest match Accession # Similarity 
phenazine Pseudomonas sp. I2R21 phenazine biosynthesis protein  CAR94623.1 99% 
phenazine Pseudomonas sp. W1R33 phenazine biosynthesis protein  CAR94619.1 86% 
phenazine Burkholderia sp. W4R11 phenazine biosynthesis protein  CAR94623.1 99% 
phenazine Burkholderia sp. W46R12A phenazine biosynthesis protein  CAR94623.1 94% 
phenazine Pseudomonas sp. W7R21 phenazine biosynthesis protein  CAR94619.1 86% 
pyrrolnitrin Serratia sp. W1R31 pyrrolnitrin biosynthetic protein PrnC  AAY53879.1 96% 
pyrrolnitrin Pseudomonas sp. W1R33 PrnC WP_02045396.1 98% 
pyrrolnitrin Burkholderia sp. W4R11 PrnC AGF39211.1 96% 
pyrrolnitrin Burkholderia sp. W46R12A PrnC AGF39211.1 96% 
pyrrolnitrin Pseudomonas sp. I2R21 PrnC  AAD46363.1 90% 
hydrogen cyanide Pseudomonas sp. W1R33 hydrogen cyanide synthase  WP_017129441.1 95% 
hydrogen cyanide Pseudomonas sp. W7R11 hydrogen cyanide synthase WP_040063324.1 96% 
hydrogen cyanide Pseudomonas sp. W7R13 hydrogen cyanide synthase  WP_040063324.1 96% 
hydrogen cyanide Pseudomonas sp. W7R21 hydrogen cyanide synthase HcnC  WP_017129441.1 95% 
hydrogen cyanide Pseudomonas sp. W7R22 HcnC  ABN80403.1 92% 
hydrogen cyanide Pseudomonas sp. W7R31 HcnC  ABN80403.1 92% 
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C.7 Pilot study of persistence of tested bacteria in potting mix 
under semi sterile condition after 4 weeks 

A 0.44 L pot was filled with approximately 200 g of a 3-4 months potting mix with a 
composition as described in Section 4.2.4.2. Each selected bacterium (Pseudomonas sp. 
I2R21, Burkholderia sp. W4R11 and Burkholderia sp. W6R12A) was grown in a 50 mL 
tube (Axygen, USA) containing 30 mL nutrient broth (Merck, USA) for 48 h on a shaking 
incubator (200 rpm at 25oC). Bacterial cells were harvested by centrifuging at 4000 × g for 
10 min in a refrigerated centrifuge at 4oC (Thermo Fisher Scientific Inc., USA). One 
milliliter of bacteria culture (108 CFU/mL) was mixed thoroughly with the potting mix. The 
experiment was arranged in a completely randomized design with five replicates per 
bacterium. As a negative control, pots were inoculated with one millilitre nutrient broth. 

The pots were incubated at room temperature under natural daylight conditions. One 
gram subsamples of potting mix were taken from the pots. Enumeration of bacteria 
population in potting mix was done by using serial dilution and plating onto NARif10 after 3 
days, 7 days, 2 weeks and 4 weeks. The same replicates were used for each 
assessment.  

Bacteria isolate Bacteria population ( x 104 CFU/ g potting mix) 
3 days 7 days 2 weeks 4 weeks 

Burkholderia sp. W4R11 12.8 2.0 48.4 8.8 
Burkholderia sp. W6R12A 31.6 1.8 9.6 3.0 
Pseudomonas sp. I2R21 60.3 37.6 41.8 70.0 

 

C.8 Analysis of variance of the effect of selected endophytic 
bacteria inoculation on the lesion length caused by 
Neofusicoccum parvum MM562 after 2 and 6 months incubation 
(1st pot experiment) 
C.8.1 ANOVA result of the effect of selected endophytic bacteria inoculation on the 
lesion length in grapevine canes caused by Neofusicoccum parvum MM562 after 2 
months. 

Source DF SS MS F P 
Bacteria 
treatment 

3 134.2    44.73      0.38     0.769 

Error 24 2831.3 117.97 
  

Total 27 2965.5 
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C.8.2 ANOVA result of the effect of selected endophytic bacteria inoculation on the 
lesion lengths in grapevine canes caused by Neofusicoccum parvum MM562 after 6 
months. 

Source DF SS MS F P 
Bacteria 
treatment 

3 862.3    287.4      0.43    0.733 

Error 24 16045.4    668.6 
  

Total 27 16907.7 
   

 

C.9 Analysis of variance of the effect of selected endophytic 
bacteria inoculation on the endophytic movement of 
Neofusicoccum parvum MM562 after 2 and 6 months (1st pot 
experiment) 
C.9.1 ANOVA result of the effect of selected endophytic bacteria inoculation on the 
endophytic movement of Neofusicoccum parvum MM562 in grapevine canes after 2 
months. 

Source DF SS MS F P 
Bacteria 
treatment 

3 6.107 2.036 0.87     0.469 

Error 24 56.000 2.333 
  

Total 27 62.107 
   

 

C.9.2 ANOVA result of the effect of selected endophytic bacteria inoculation on the 
endophytic movement of Neofusicoccum parvum MM562 in grapevines canes after 
6 months. 

Source DF SS MS F  P 
Bacteria 
treatment 

3 37.82 12.607 1.90  0.156 

Error 24 159.14 6.631 
  

Total 27 196.96 
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C.13 Analysis of variance of the effect of inoculation with 
selected endophytic bacteria on the lesion lengths caused by 
Neofusicoccum parvum and Neofusicoccum luteum isolates with 
different virulence levels in grapevine canes after 2 months (2nd 
pot experiment) 
C.13.1 ANOVA result of the effect of inoculation with selected endophytic bacteria 
on the lesion length caused by Neofusicoccum parvum isolate MM562 with medium 
virulence level in grapevine canes after 2 months. 

Source DF SS MS F P 

Bacteria 
treatment 

4 2568    642 0.46    0.765 

Error 25 34968   1398.7 
  

Total 29 37535 
   

 

C.13.2 ANOVA result of the effect of inoculation with selected endophytic bacteria 
on the lesion length caused by Neofusicoccum parvum isolate G22a3 with high 
virulence level in grapevine canes after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 15475 3869 3.76     0.016 

Error 25 25745 1030 
  

Total 29 41220 
   

 

C.13.3 ANOVA result of effect of selected endophytic bacteria inoculation toward 
lesion length cane caused by Neofusicoccum luteum isolate ICMP16678 with 
medium virulence level after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 17720     4430      3.00     0.038 

Error 25 36892     1476 
  

Total 29 54612 
   

 

C.13.4 ANOVA result of effect of selected endophytic bacteria inoculation toward 
lesion length cane caused by Neofusicoccum luteum isolate G51a2 with high 
virulence level after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 20056     5014      2.493    0.041 

Error 25 62871     1713 
  

Total 29 87883 
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C.14 Analysis of variance of the effect of inoculation with 
selected endophytic bacteria on the mean of endophytic 
movement of Neofusicoccum parvum and Neofusicoccum luteum 
isolates with different virulence levels in grapevine canes after 2 
months (2nd pot experiment). 
C.14.1 ANOVA result of the effect of inoculation with selected endophytic bacteria 
on the mean endophytic movement of Neofusicoccum parvum isolate MM562 with 
medium virulence level in grapevine canes after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 212.3    53.08      2.91     0.042 

Error 25 455.8    18.23 
  

Total 29 668.2 
   

 

C.14.2 ANOVA result of the effect of inoculation with selected endophytic bacteria 
on the mean endophytic movement of Neofusicoccum parvum isolate G22a3 with 
high virulence in grapevine canes after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 317.5 79.37 4.95     0.004 

Error 25 400.8 16.03 
  

Total 29 718.3 
   

 

C.14.3 ANOVA result of the effect of inoculation with selected endophytic bacteria 
on the mean endophytic movement of Neofusicoccum luteum isolate ICMP16678 
with medium virulence in grapevine canes after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 158.1     39.53      2.81 0.047 

Error 25 351.3     14.05 
  

Total 29 509.5 
   

 

C.14.4 ANOVA result of the effect of inoculation with selected endophytic bacteria 
on the mean endophytic movement of Neofusicoccum luteum isolates G51a2 with 
high virulence in grapevine canes after 2 months. 

Source DF SS MS F P 
Bacteria 
treatment 

4 224.8     56.2      6.44  0.001 

Error 25 218.0     8.72 
  

Total 29 442.8 
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C.15 Analysis of variance of endophytic bacteria colonization in 
canes of potted grapevines inoculated with Neofusicoccum 
parvum and Neofusicoccum luteum isolates with different 
virulence levels after 2 months (2nd pot experiment). 
C.15.1 ANOVA result for Pseudomonas sp. W1R33 endophytic colonization in 
canes of potted grapevine canes inoculated Neofusicoccum parvum and 
Neofusicoccum luteum isolates with different virulence levels after 2 months. 

Source DF SS MS F P 
Fungi inoculation  3 72.33 24.111 3.66 0.030 
Error 20 131.67 6.583 

  

Total 23 204.00 
   

 

C.15.2 ANOVA result of Pseudomonas sp. I2R21 endophytic colonization in canes 
of potted grapevine canes inoculated Neofusicoccum parvum and Neofusicoccum 
luteum isolates with different virulence levels after 2 months.  

Source DF SS MS F P 
Bacteria 
treatment 

3 121.8 40.597 6.93 0.002 

Error 20 117.2 5.858 
  

Total 23 239 
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D.2 Sequence analysis of amplicons from PCR to amplify specific antibiotic producing genes using 
BlastX 

 
 
 
 
 
 
 
 
 
 

$ PhlD exhibits a high homology to chalcone synthase indicating that phloroglucinol synthesis is mediated by a novel kind of PKS and can be considered a member of the 
chalcone synthase family (Bangera & Thomashow, 1999; Ramette et al., 2001) 
 

 
 
 
 
 
 

Group of antibiotic Isolate origin Closest match Accession # Similarity 
2.4-DAPG Pseudomonas sp. T1R12P type III polyketide synthase PhlD BAQ77593.1 100% 
2.4-DAPG Pseudomonas sp. T1R21 chalcone synthases polyketide synthase$  WP_025131870.1 96% 
2.4-DAPG Pseudomonas sp. T4MS32A chalcone synthases polyketide synthase$  WP_025131870.1 96% 
2.4-DAPG Pseudomonas sp. T4MS33 type III polyketide synthase PhlD  BAQ77593.1 100% 
phenazine Pseudomonas sp. T1R21 phenazine biosynthesis protein  CAR94623.1 99% 
phenazine Pseudomonas sp. R4R21A PhzC  AAY15234.1 99% 
hydrogen cyanide Pseudomonas sp. T1R12P hydrogen cyanide synthase subunit C  AKV94680.1 98% 
hydrogen cyanide Pseudomonas sp. T1R21 N-terminal hydrogen cyanide synthase  CAD10877.1 95% 
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D.3 Analysis of variance of lesion length cane caused by 
Pseudomonas syringae pv. actinidiae biovar 3 after 3 weeks (1st 
pot experiment) 
Source DF SS MS F P 
Bacteria 
treatment 

5 135.9   27.176      2.85     0.027 

Error 42 401.0    9.548 
  

Total 47 536.9 
   

 

D.4 Non parametric analysis using Kruskal Wallis of the effect of 
endophytic bacterial treatments on disease severity caused by 
Pseudomonas syringae pv. actinidiae biovar 3 after 4 weeks (1st 
pot experiment). 

Bacteria treatment N Median Ave Rank Z 
Pseudomonas sp. R4R21AP 8 2.0 30.9 1.42 
Pseudomonas sp. T1R12P 8 1.0 22.0 -0.55 
Pseudomonas sp. T1R21 8 2.0 20.9 -0.79 
Pseudomonas sp. T4MS32AP 8 1.0 16.0 -1.80 
Pseudomonas sp. T4MS33 8 1.0 19.8 -1.04 
Positive control 8 3.0 37.3 2.84 
Overall 46 24.5   
DF=5    P=0.012 

  

D.5 Analysis of variance of the effect of endophytic bacterial 
treatments on the mean population of Pseudomonas syringae pv. 
actinidiae biovar 3 (log CFU/segments) recovered from below (-) 
and above (+) the inoculation site (0 cm) on stems of potted 
Actinidia deliciosa var. deliciosa (cultivar Hayward) after 3 weeks 
(1st pot experiment). 
D.5.1 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 5 
cm below the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

5 14.05  2.8101 7.07  <0.001 

Error 30 10.85 0.3617 
  

Total 35 24.90 
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D.5.2 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 
from 3 cm below the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

5 2.150   0.4300      1.55     0.205 

Error 30 8.343 0.2781 
  

Total 35 10.493 
   

 

D.5.3 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 1 
cm below the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

5 0.8333   0.16667      2.75 0.037 

Error 30 1.8176   0.06059 
  

Total 35 2.6509 
   

 
D.5.4 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 
from the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

5 0.04544   0.00908 0.54     0.744 

Error 30 0.50471   0.01682 
  

Total 35 0.55015 
   

 

D.5.5 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 1 
cm above the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

5 0.1448   0.02897      0.47     0.797 

Error 30 1.8546   0.06182 
  

Total 35 1.9994 
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D.8.3 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T1R21 (log CFU) recovered 1 cm above the 
inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 3.013  1.507 0.92 0.423 

Error 12 19.548 1.629 
  

Total 14 22.526 
   

 

D.8.4 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T4MS32AP (log CFU) recovered 1 cm below the 
inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 3.981  1.990 0.97 0.407 

Error 12 24.647 2.054 
  

Total 14 28.628 
   

 

D.8.5 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T4MS32AP (log CFU) recovered from the 
inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 0.4644 0.23219 6.49 0.012 

Error 12 0.4295 0.03579 
  

Total 14 0.8939 
   

 

D.8.6 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T4MS32AP (log CFU) recovered 1 cm above from 
the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 8.825 4.412 2.46 0.127 

Error 12 21.523 1.794 
  

Total 14 30.348 
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D.8.7 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T4MS33 (log CFU) recovered 1 cm below the 
inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 26.670  13.3350     17.29     <0.001 

Error 12 14.797   1.2331 
  

Total 14 16.49 
   

 

D.8.7 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T4MS33 (log CFU) recovered from the inoculation 
site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 1.088  0.5438     1.99 0.179 

Error 12 3.276 0.2730 
  

Total 14 4.363 
   

 

D.7.8 ANOVA result of the effect of initial inoculum concentration on the mean 
population of Pseudomonas sp. T4MS33 (log CFU) recovered 1 cm above from the 
inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

2 1.351  0.6757     0.55     0.592 

Error 12 14.797   1.2331 
  

Total 14 16.49 
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D.11 Non parametric analysis using Kruskal Wallis of the effect of 
endophytic bacterial treatments on disease severity caused by 
Pseudomonas syringae pv. actinidiae biovar 3 after 4 weeks (2nd 
pot experiment). 

Bacteria treatment N Median Ave Rank Z 
Pseudomonas sp. T1R21 8 1.0 18.0 -0.68 
Pseudomonas sp. T4MS32AP 8 1.0 19.4 -0.30 
Pseudomonas sp. T4MS33 8 0.5 18.8 -0.47 
All bacteria 8 0.0 15.4 -1.39 
Positive control 8 1.5 31.0 2.84 
Overall 40 20.5   
DF=5    P=0.042 

 
D.12 Analysis of variance of the effect of endophytic bacterial 
treatments on the mean population of Pseudomonas syringae pv. 
actinidiae biovar 3 (log CFU/segments) recovered from below (-) 
and above (+) the inoculation site (0 cm) on stem of potted 
Actinidia deliciosa var. deliciosa (pre-release cultivar) after 1 
month (2nd pot experiment). 
D.12.1 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 3 
cm below the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

4 12.01  3.003 1.80  0.161 

Error 25 41.76 1.670 
  

Total 29 53.77 
   

 

D.12.2 ANOVA result of the effect of endophytic bacterial treatment on the mean 
population of Pseudomonas syringae pv. actinidiae biovar 3 (log CFU) recovered 1 
cm below the inoculation site. 

Source DF SS MS F P 
Bacteria 
treatment 

4 27.93  6.982 4.93  0.005 

Error 25 35.93 1.416 
  

Total 29 63.32 
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D.14 Analysis of variance of mean population of endophytic 
bacteria (log CFU) from the inoculation site area on stem of 
potted Actinidia deliciosa var. deliciosa (Plant and Food pre-
release cultivar) after 2 months (2nd pot experiment) 
Source DF SS MS F P 
Bacteria 
treatment 

3 3.087   1.0290      3.26     0.043 

Error 20 6.315   0.3157 
  

Total 23 9.402 
   

 
 
D.15 Agarose gel showing repetitive extragenic palindromic-PCR 
(BOX PCR) of representative recovered bacteria from stem of 
potted Actinidia deliciosa var. deliciosa (Plant and Food pre-
release cultivar) using wounding inoculation after 1 month.  
M: 1kb plus ladder (Invitrogen), T1+: Pseudomonas sp. T1R21 
wild type, T11-3: Suspected Pseudomonas sp.  T1R21, T2+: 
Pseudomonas sp. T4MS32A wild type, T21-3: Suspected 
Pseudomonas sp. T4MS32A, T3+: Pseudomonas sp. T4MS33 wild 
type, T31-3: Suspected Pseudomonas sp. T4MS33, Psa: 
Pseudomonas syringae pv. actinidiae strain 10627 
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9 Appendix E 
 

Arbuscular mycorrhizal fungi associated with Leptospermum scoparium (mānuka): 
a role for essential oil alteration 
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Monk1, and Hayley J. Ridgway1 
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Abstract 
Leptospermum scoparium or mānuka is a New Zealand native medicinal plant with an 
essential oil showing antimicrobial properties. This study investigates the arbuscular 
mycorrhizal fungi (AMF) community in mānuka by culture dependent (trap culture) and 
independent (DGGE) approaches. Furthermore, to assess whether mycorrhizal inoculation 
could alter growth and essential oil composition of a single regional chemotype of mānuka, 
plants were grown in unsterilized soil and inoculated with five AMF isolates. Leaf essential 
oil compositions and yields were determined by microscale solvent extraction and gas 
chromatography-mass spectrometry (GC-MS) analysis. AMF inoculation significantly 
increased growth compared to uninoculated plants. Qualitative i.e. different relative 
proportions of compounds, which are distinctive in chemotypes and quantitative i.e. 
absolute concentrations of compounds, expressed as mg/g of dry leaf or equivalent, effects 
of AMF inoculation on mānuka essential oil composition depended on the isolate. AMF 
inoculation modified the Gammaproteobacterial community roots and this may contribute 
to changes in essential oil composition. Overall, these results demonstrate that AMF can 
improve the growth of mānuka and affect plant secondary metabolites in leaves. Both of 
these effects would be valuable in commercial essential oil production from plantation-
grown mānuka. 
  
Keywords: Leptospermum scoparium, mānuka; arbuscular mycorrhizal fungi; GC-MS 
analysis; essential oils, Gammaproteobacteria 
 
Introduction 
 Leptospermum scoparium (Myrtaceae) or mānuka is a New Zealand indigenous 
shrub. The essential oil produced by this plant has drawn considerable attention for 
commercial purposes due to its potent antimicrobial properties. Studies reported that the 
essential oil exhibit an antioxidant effect and inhibited the growth of Bacillus subtilis, a 
food spoilage organism and Trichophyton mentayrophus, a causal agent of 
dermatophytosis (Lis-Balchin et al. 2000; Perry et al. 1997).  
 Mānuka from different regions of New Zealand have qualitatively distinct essential 
oil compositions, showing chemotypes which differ greatly in the relative proportions of 
different compounds (Perry et al. 1997; Porter and Wilkins 1999). Further studies 
examining mānuka from 87 locations throughout New Zealand revealed significant 
variations in essential oil compositions and resulted in the characterisation of ten 
chemotypes (Douglas et al., 2004). For example, the essential oils in the East Cape 
showed a higher triketone content compare to other areas in New Zealand, whereas, the 
essential oils of plants growing in the northern parts of the North and South Islands and 
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-pinene and sesquiterpene/myrcene, 
respectively. Different chemotypes in medicinal plants, including mānuka, are likely to be 
controlled by plant genetic factors (Perry et al. 1997; McGimpsey et al. 1996; Medina-
Houlgin et al. 2008). However, arbuscular mycorrhizal fungi (AMF) are able to modify 
plant secondary metabolism possibly through improvement of P nutrition and increment 
peltate gland numbers, the structures for essential oil production (Rydlová et al. 2016; 
Copetta et al. 2006) but the contribution of this phenomenon to essential oil profiles is as 
yet poorly understood. 
 Previous studies reported that AMF form associations with mānuka (Moyersoen 
and Fitter 1999; Weijtmans et al. 2007; McKenzie et al. 2006). However, these were a 
limited study of AMF associated with mānuka and their effect on the essential oil profile of 
this plant is unknown. We now report a study on the AMF community associated with 
mānuka collected from nine sites across New Zealand. The effect of selected AMF in 
unsterilized soil were determined by inoculating them onto one regional chemotype of 
mānuka to test their effect on plant growth and/or essential oil content, and therefore, if 
they may contribute to the variation in chemotypes detected throughout New Zealand. We 
also investigated the impact of AMF inoculations on associated microbial communities 
that might allow AMF to indirectly influence mānuka essential oil composition. 
 
2 Materials and methods 
2.1 Plant sampling  
 Mānuka samples were collected between July and August 2013 from three sites in 
the South Island of New Zealand and a second sampling was done between August 2014 
and January 2015 from six sites across New Zealand (Table 1). Mature plants (> 20 years 
old) were chosen for this study by estimating age from local knowledge of historic forest 
fires/ planting dates and/or by the size/trunk girth of the plants. From each mānuka tree, 
five lateral roots (approximately 1 mm in diameter and 3-5 cm long) were sampled and 
stored at 4°C for up to 1 week prior to processing.  
 
Table 1 Leptospermum scoparium sampling sites used in this study 

 
 
2.2 Recovery of arbuscular mycorrhizal fungi using trap cultures 
2.2.1 Trap culture establishment 

Sampling site Latitude Longitude Region No. of plants 
Travis Wetland (TWL) -43.48424 172.6902 Central South Island 3 
Craigeburn Forest Park (CR) -43.15275 171.7314 Central South Island 3 
Island Hill Station (IHS) -42.74402 172.5617 Northern South Island 6 
West Coast (WC) -41.93865 171.4259 Northern South Island 5 
Aoraki/Mt. Cook National Park (AMC) -43.73295 170.0959 Southern South Island 3 
Mount Aspiring National Park (MA) -44.71971 168.2820 Southern South Island 3 
Taihape Scenic Reserve (THP) -39.67635 175.8056 Central North Island 2 
Tongariro National Park (TNP) -39.02237 175.7181 Central North Island 2 
Kaimanawa Forest Park (KFP) -38.94721 175.9437 Central North Island 2 
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 A mixture consist of silica sand:pumice medium (50:50% v/v) was used as 
medium for trap culture establishment. The medium was sterilized in an autoclave (1 h, 
121oC, 1.5 atm) prior inoculation. Root samples (approximately 3-5 g fresh weight) were 
washed, cut into 2-3 cm pieces and used to inoculate the medium in 500 mL pots (1 
sample per pot). Seeds from a single stand of mānuka from Travis Wetland heritage and 
restoration site, Christchurch, and those of “Grasslands Lancelot’ plantain (Plantago 
lanceolata L.) were used as hosts for trap culture. Pots to which no root samples were 
added and used as uninoculated controls to check for any contamination during the 
growth phase. After 2 weeks, 20 mL phosphate free Hoagland solution (Elias and Safir, 
1987) was added every month and plants were allowed to grow for 4-5 months 
(approximately 20 cm in height). Pots were left to dry at ambient temperature (average 
between 13oC and 22oC) for 1-2 weeks and watered daily as needed. No supplemental 
light was provided during the experiment. 
 AMF spores were isolated using a modified wet sieving method (INVAM, 
http://invam.caf.wvu.edu). Approximately 10 g of culture medium were mixed with 100 mL 
of tap water and allowed to stand after mixing in room temperature for 30 min to sediment 
the heavier fraction. The supernatant was wet sieved using three stacked sieves of 
decreasing pore size 500, 150 and 50 µm, respectively. The washing suspensions (± 10 
mL) from the 150 and 50 µm sieves were transferred to a 50 mL tube and centrifuged at 
2000 × g for 3 min and the supernatant was discarded. Forty-five mL of 50% w/v sucrose 
added into the pellet and the suspension centrifuged again at 2000 x g for 40 s. The 
supernatant was sieved using the 50 µm sieve and washed with tap water to remove 
excess sucrose. The spores were collected on filter paper and grouped based on colour 
and shape. The spores were stored at 4oC for further analysis. 
  
2.2.2 Identification of AMF based on 18S rRNA gene 
 DNA from five to ten spores from individual morphotypes were extracted using the 
REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich) according to manufacturer’s 
instructions except the volume of extraction and dilution solution was reduced to 10 µL of 
each. Spores were crushed using sterile pipette tips under a stereo microscope (Nikon 
Instruments Inc., USA). A portion of the 18S rRNA gene was amplified using primers 
AML1 and AML2 (Lee et al. 2008). PCR was performed as described by Lee et al. (2008) 
except that annealing was at 50oC. The PCR products were sequenced directly at the 
Lincoln University Sequencing Facility. The sequences obtained were viewed and 
manually trimmed using Bioedit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) to 
remove ambiguous sequence. The sequences were then compared with those of know 
origin using NCBI (http://www.ncbi.nlm.nih.gov) and MaarjAM (Öpik et al. 2010) database. 
All sequences were deposited in the NCBI database under accession numbers 
KX811527-KX811533. 
 
2.3 Identification of arbuscular mycorrhizal fungi using denaturing gradient gel 
electrophoresis (DGGE) 
2.3.1 DNA extraction  
 The root samples were surface sterilized and treated with propidium monoazide 
(PMA) (Biotium Inc, USA) prior to DNA extraction as described by Wicaksono et al. (2016) 
to exclude any residual surface DNA from PCR. Roots were crushed and ground to a fine 
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powder with liquid nitrogen prior to DNA extraction. Total DNA was extracted using the 
PowerPlant™ DNA isolation kit (MoBio Laboratories, Carlsbad, USA) following the 
manufacturer’s instructions. 
 
2.3.2 PCR and DGGE analysis 
 A specific region of 18S rRNA gene was amplified using a nested PCR. The first 
PCR was done using a primer pair AML1 and AML2 as described previously. The PCR 
product was diluted 1/10 and used as template for a second PCR. The second PCR was 
done using primer pair Glo-1 and NS-31GC as previously described by Cornejo et al. 
(2004).  
 DGGE were performed with Cipher DGGE Electrophoresis System (CBS 
Scientific) with 30 to 45% linear denaturing gradient as described by Wicaksono et al. 
(2016). The gels were run in 0.5 × TAE buffer for 16 h at 90 V and 60°C. The DGGE 
staining process using silver stain were done as described by Wicaksono et al. (2016). 
Prominent DGGE bands representative of diversity at each site were excised (at least four 
bands per sites), suspended in 50 μL of sterile water, crushed using 200 μL tips (Axygen, 
USA) and subsequently heated at 65oC for 40 min using a thermal cycler (Applied 
Biosystem Veriti) to elute the DNA. Bands were reamplified using primer pair Glo-1 and 
NS-31GC as described previously. The PCR-amplified excised DGGE bands were 
sequenced directly with Sanger sequencing at the Lincoln University Sequencing Facility. 
The sequences obtained were manually trimmed using Bioedit to remove ambiguous 
sequence. Sequences with more than 97% similarity with known AMF sequences were 
deposited in the NCBI database under accession numbers KY010202-KY010225. 
 
2.3.3 Phylogenetic analysis 
 Known AMF sequences from the GenBank database, together with those obtained 
from spores generated in trap cultures and those from excised DGGE bands with 
sequence length ± 200 bp were aligned using CLUSTALW and the distance matrices and 
phylogenetic trees were calculated by maximum likelihood algorithms with 1000 bootstrap 
replication using MEGA 6 software (Molecular Evolutionary Genetic Analysis; Tamura et 
al. 2013). Smittium culisetae (JN940701) and Batrachochytrium dendrobatidis 
(AH009052) sequences were used as outgroup taxa.  
  
2.4 Spore propagation 
 Selected spore morphotypes (n=2) namely Acaulospora sp. M1 and Acaulospora 
sp. M4 were propagated. Other morphotypes (n=5) were excluded due to low numbers of 
spores (<5 spores/10 g) recovered from spore trap culture or similar identity based on 
18S rRNA sequence compared to other morphotypes. Spore propagation was done as 
described previously in the trap culture establishment Section by replacing root samples 
with 100 healthy and uniform spores from each morphotype into wide, 3-cm-deep hole in 
a 500 mL pots (three pots for each morphotype) containing sterile silica sand: pumice 
medium (50:50% v/v). The hole was then covered with the sterile silica sand: pumice 
medium. Seeds of plantain and from a single stand of mānuka from the Travis Wetland 
were used as hosts for culture purification and bulk production. Three AMF isolates i.e. 
Acaulospora sp. MPC47, isolated from macrocarpa (Cupressus macrocarpa) in 
Canterbury, Funneliformis sp. MPC8, isolated from apple in Canterbury, and 
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Scutellospora sp. MPC13, isolated from apple in Canterbury, obtained from the Plant 
Microbiology Group culture collection, Lincoln University were also propagated and 
applied in the same manner as described above. Pots to which no spores were added 
and used as uninoculated controls to check for contamination during the growth phase. All 
fungal cultures were maintained and harvested as previously described.  
 
2.5 Glass house experiment 
 Seeds from a single stand of mānuka from the Travis Wetland were sown and 
germinated for two months in July 2015 in a potting mix medium composed of 20% 
pumice, 80% composted bark, 2 kg/m3 Osmocote® Extract Standard 3-4 months gradual 
release fertiliser (16:3.5:10; N:P:K, respectively plus trace elements), 1 kg/m3 agricultural 
lime, 500 g/m3 Hydraflo® 2 (granular wetting agent, Scott Product New Zealand, Ltd). 
Seeds were left to germinate in a greenhouse at ambient temperature and with natural 
light.  
Non-sterilized soil from Lincoln University was used for the experiment. The soil type is 
permanent pasture soil and soil texture is mottled pallic soil with the following properties: 
low phosphate availability (pH 5.8, Olsen phosphorus 14 mg/L, organic matter 3.8%, total 
carbon 2.2%, and total nitrogen 0.17%). The soil was air-dried and then passed through 2 
mm sieve, and large stones and plant root debris were removed.  
Forty grams of sterile silica sand: pumice medium containing approximately 100 spores 
from selected AMF strains (n=5) were inoculated into a wide, 5-cm-deep hole in a 1.2 L 
pots filled with unsterilized soil. Mānuka seedlings with similar height (approximately 5 cm 
in height) and form were placed on top of the AMF inoculum and the roots then covered 
with the soil. The pots were arranged in a complete randomized design with 9 replicates 
per treatment and grown in a glasshouse at ambient temperature (average between 13oC 
and 22oC), natural light and watered daily for all pots. The plants were grown for 5 months 
from September 2015 until February 2016 during summer. 
 
2.6 Plant growth and arbuscular mycorrhizal fungal colonization 
 Shoot height was measured from the above-ground stem base (from the soil line) 
to to the tallest, outstretched leaf. The number of internodes was measured for each 
plant. Shoot and washed root portions were weighed after oven drying at 60°C for 2 days.  
 Roots were washed in tap water and stained as described by Phillips and Hayman 
(1970). Four subsamples per replicate were mounted on slides in lactoglycerol solution 
and examined under a compound microscope (Nikon Instruments Inc., USA) at 200× 
magnification. Arbuscular mycorrhizal fungal colonization from 120 intersections per plant 
was determined as described by McGonigle et al. (1990). The criteria for an arbuscular 
mycorrhizal fungal colonization if the vertical crosshair intersected either a hyphae, an 
arbuscules, or a vesicles (Miller and Sharitz, 2000).  
 
 
2.7 Essential oil analysis 
 To investigate effect of AMF inoculation on foliar essential oil composition, leaf 
samples of four randomly selected (using a random table) plants from the glass house 
experiment were collected for foliar essential oil extraction. The foliar essential oil 
composition was determined by using gas chromatography-mass spectrometry (GC-MS) 
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analysis based on a microscale solvent extraction technique. This composition has two 
aspects: qualitative, i.e. different relative proportions of compounds, which are distinctive 
in chemotypes; and quantitative, i.e. absolute concentrations of compounds, expressed 
as mg/g of dry leaf or equivalent.  
Each mānuka leaflet sample (approximately 15 mg) was ground in liquid nitrogen and a 
10 mg subsample weighed into a 4 mL vial, then 0.5 mL of internal standard solution 
added (eicosane, 0.2 mg/mL in dichloromethane). Following mixing on an orbital shaker 
overnight each sample was filtered through a 0.45 µm PTFE filter for GC-MS analysis. 
 Analyses were performed on an Agilent 7890A gas chromatograph (Agilent 
Technologies, Australia) with a CTC Analytics PAL system auto-sampler and an Agilent 
5975C inert XL MSD with triple axis detector under the control of Enhanced Masshunter 
software. The injector (260°C) flow was splitless. Extracts (1 μL) were injected onto a 30 
m Agilent HP-5ms column with a 0.25 mm ID and a 0.25 µm film. The carrier gas was H2 
with a flow of 1.5 mL/min. The oven was heated from 50°C to 175°C at 5°C/min then to 
300ºC at 20ºC/min and held for 8.75 min. Detection was done by mass spectrometry (MS) 
and FID. The flow was split between MSD (0.5 m L x 0.1 mm ID) and FID (2 m L x 0.18 
mm ID) using deactivated silica columns. The MS transfer line was held at 300°C, the MS 
source was held at 230°C and the MS quadrupole held at 150°C, m/z 35–350. Electron 
ionisation MS energy was 70 eV. Selected ion monitoring data was collected for m/z 93 
(3-14 min), 161 (14-19.5 min) and 85.1, 223, 237 and 266 (19.5-25 min) and 85.1, 300 
and 314 (25-40 min) to aid peak identification. Peak areas were expressed as percentage 
of total FID peak areas. Compounds were identified by comparing their retention time and 
mass spectra with specialized literature (Adams 2007) and spectral databases (MS 
libraries NIST 8th edition).  
 Qualitative profiles used uncorrected FID peak areas as % of total FID peak areas. 
Quantitative estimates for the major components used FID peak area relative to the peak 
area of the internal standard eicosane (individual response factors not measured) to 
estimate concentration per dry weight of the leaf material (% w/w).  
 
2.8 Microbial community structure analysis using denaturing gradient gel electrophoresis 
(DGGE) 
2.8.1 Sample collection 
 To investigate effect of AMF inoculation on microbial community structure, root 
and soil samples of four randomly selected (using a random table) plants from the glass 
house experiment were collected for DNA extraction (Online Resource 1). A portion of 
fine roots with length approximately 3-5 cm were collected from four different parts of the 
root systems (top, middle top, middle bottom and bottom) then transferred to a 50 mL 
tube (Axygen, USA). To the tubes 45 mL Millipore sterile water was added and placed on 
rotary shaker (Chiltern Scientific) for 10 min. The tubes were left undisturbed for 10 min. 
The supernatant from the soil samples were removed by centrifuging the sample at 
13,000 × g for 15 min. Roots and soil were removed and transferred to new 1.7 mL tubes 
(Axygen, USA). The soil and root samples were stored at 4oC for up to one-week prior 
DNA extraction. 
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2.8.2 Total DNA extraction from soil and root samples 
 Roots were surface sterilized and treated with PMA prior to DNA extraction as 
previously described. Total DNA from roots and soils were extracted using the 
PowerPlant™ and PowerSoil™ DNA isolation kit (MoBio Laboratories, Carlsbad, USA), 
respectively, following the manufacturer’s instructions.  
 
2.8.3 PCR and DGGE analysis 
 The 16S rRNA gene from the total bacterial and Gammaproteobacterial 
communities were amplified as described by Muyzer et al. (1993) and Mühling et al. 
(2008). The 18S rRNA gene from the total fungal community was amplified using nested 
PCR with primer pairs AU2 and AU4 for the first PCR and FF390 and FR1-GC for the 
second PCR as described by Vandenkoornhuyse et al. (2002) and Vainio and Hantula 
(2000), respectively. The PCR protocol for the fungal second PCR was modified as 
follows with initial denaturation at 95oC for 3 min, followed by 8 cycles of denaturation at 
95oC for 30 s, annealing at 55oC for 30 s (touchdown 1oC per cycle), extension at 72oC for 
1 min, and followed by 27 cycles of denaturation at 95oC for 30 s, annealing at 47oC for 
30 s, extension at 72oC for 1 min and with final extension at 72oC for 7.5 min. DGGE were 
performed with Cipher DGGE Electrophoresis System (CBS Scientific) with 30 to 65% 
linear denaturing gradient for total bacteria, 25-55% for fungi and 40-60% for 
Gammaproteobacteria. The DGGE staining process was done as described by 
Wicaksono et al. (2016). 
 
2.9 Statistical analysis 
 Data of plant growth parameters and major essential oil compounds were 
analysed by one-way analysis of variance (ANOVA) to determine the significance of 
treatment effects. and followed by orthogonal contrast to assess differences between 
means using GenStat (VSN International Ltd, UK). The data were square root or arcsine 
transformed when needed before ANOVA analysis to fulfil the assumption of the ANOVA. 
Means and standard errors (S.E) shown in tables are for untransformed data. 
 To obtain a better clustering of essential oil composition of each treatment, 
compounds with relative contents below 0.5% were excluded from the statistical analyses. 
Data of compound were square-root transformed before the analysis. Resemblance 
matrices for essential oil composition were built by calculating similarities between 
samples using Euclidean distances after normalizing the data using Primer 7 (Primer-E 
Ltd, Plymouth Marine Laboratory, UK) multivariate software package. Main and pair-wise 
PERMANOVA tests were used to test the statistical difference of essential composition 
between treatments.  
 Analysis of the microbial communities were performed using Phoretix 1D Pro Gel 
Analysis (Totallab, UK). Resemblance matrices for community profiles were built by 
calculating similarities between each pair of samples using Jaccard coefficient (Clarke 
and Warwick 1994) using Primer 7. Main and pair-wise PERMANOVA tests were used to 
test the statistical difference of microbial communities between treatments. The number of 
bands per sample was used as a diversity indicator of the microbial taxa richness. The 
microbial richness was analysed with ANOVA to determine the significance of treatment 
factors and followed by Tukey’s ad-hoc analysis at P<0.05 using Minitab 17 (Lead 
Technologies, Australia). 
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 The correlation between essential oil composition and microbial community 
structure (different microbial community groups in different samples types – rhizosphere 
soils and roots) were estimated by Mantel test (Mantel 1967) using Euclidean (essential 
oil composition) and Jaccard (microbial community structure) similarity distance matrices. 
The analysis was performed using ‘‘XLSTAT” V2015 package (Addinsoft Inc., New York, 
USA).  
 
3 Results 
3.1 Identification arbuscular mycorrhizal fungi using trap culture  
 Seven spore morphotypes with globose shape were isolated from root samples of 
mānuka from nine sites in New Zealand (Table 2, Online Resource 2). The identified 
morphotypes belong to Acaulospora sp., Rhizophagus sp. and Claroideoglomus sp. with 
similarity between 99-100% based on 18S rRNA sequence on NCBI database (Table 2). 
Morphotype M6 that belong to Rhizophagus sp. was isolated from 44.4% (n=4) of the total 
sites. All sites from which spores were trapped successfully except the Craigieburn Forest 
Park sites were located in the North Island of New Zealand. Five morphotypes (M1, M2, 
M3, M4 and M5) were consistent with Acaulospora sp. Morphotype M7 which was 
Claroideoglomus sp. was recovered from two sites located in the South Island and one 
site located in the North Island (Table 2). 
 
Table 2 Origin, morphotype and identity of the representative arbuscular mycorrhiza 
fungal spores isolated from Leptospermum scoparium using trap culture 

*TWL: Travis Wetland, IHS: Island Hill Station, WC: West Coast, CR: Craigeburn Forest Park, THP:  Taihape 
Scenic Reserve, TNP: Tongariro National Park, KFP: Kaimanawa Forest Park, AMC: Aoraki/Mt. Cook 
National Park, MA: Mount Aspiring National Park 
Accession No. based on NCBI database 
 
3.2 Identitification arbuscular mycorrhizal fungi using denaturing gradient gel 
electrophoresis (DGGE) 
Twenty-nine percent (55 of 194) of the DGGE bands were excised, re-amplified and 
sequenced. Thirty-eight of the DGGE bands were assigned to AMF, whereas, 17 DGGE 
bands resulted in multiple sequence signals (Online Resource 3). The phylogenetic tree 
indicated that 18 AMF sequences from DGGE belong to Rhizophagus sp., Glomus sp. 
and Acaulospora sp. (Fig. 1). Ten sequences formed a clade that matched to “uncultured 
Glomeraceae environmental samples”, whereas 10 sequences matched an “uncultured 

Type Plant location* 
Spore morphotype 

Closest match (Accession No.) Identity 
Colour Size range 

(µM) 
M1 TWL Dark brown 180-200  Acaulospora sp. (KC708363) 100% 
M2 TWL Black 200-220 Acaulospora sp. (KC708363) 100% 
M3 TWL, IHS Pale brown 130-150 Acaulospora  sp. (KC708363) 100% 
M4 WC Brown 110-130 Acaulospora  sp. (EU332727) 100% 
M5 WC White 150-180 Acaulospora  sp. (EU332727) 100% 
M6 CR, THP, TNP, KFP Pale brown 130-150 Rhizophagus intraradices (KU136414) 100% 
M7 AMC, MA,  KFP Pale cream 130-150 Claroideoglomus lamellosum (FR750221) 99% 



 
 

 

 

267 

Paraglomus environmental sample”. The similarity of some of the sequences was below 
97 %, especially sequences that aligned with “uncultured Paraglomus environmental 
sample” (Online Resource 3). 

 
Figure 1. Phylogenetic tree based on alignment of partial 18S rRNA sequences of 
arbuscular mycorrhizal fungi associated with Leptospermum scoparium obtained from 
trap culture () and DGGE (). Arbuscular mycorrhizal fungi isolated from non-
Leptospermum scoparium that used for pot experiment ().  
  
Different AMF communities were identified by the two approaches in the samples from 
some sites (Table 2, Fig.1). For instances, Glomus sp. were detected in the West Coast 
sample and Rhizophagus sp. were detected from Island Hill Station using DGGE but 
neither were detected by trap culture. On the other hand, Acaulospora sp. which was 
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recovered from Island Hill Station and West Coast using trap culture, and 
Claroideoglomus sp. which was recovered from Aoraki/Mt. Cook, Mount Aspiring and 
Tongariro National Park using trap culture, were not detected using DGGE.  
 Nonmetric Multidimensional Scaling (MDS) showed that samples were separated 
based on location (region) (Online Resource 4). Pairwise comparison analysis using 
PERMANOVA showed that each region had different AMF communities (P<0.05) except 
the central South Island which had a similar AMF community to northern South Island 
(P=0.105). There was no significant different in AMF richness between the locations 
(P=0.068).  
 
3.3 Plant growth and arbuscular mycorrhizal fungi colonization 
 The inoculated seedling showed a higher growth compared to the uninoculated 
seedlings (P<0.001, Table 3). At the species level, the seedling inoculated with different 
AMF species did not differ on plant growth parameter (P>0.05). AMF colonization were 
observed including in the uninoculated seedling. However, a higher AMF colonization % 
was observed in the seedlings with AMF inoculation compared to the uninoculated 
seedlings (P<0.001). There was no different on AMF colonization between the seedling 
inoculated with different AMF species (P>0.05). 
 
Table 3 Growth response and AMF colonization of Leptospermum scoparium seedlings 
towards five treatments of arbuscular mycorrhizal fungal species Acaulospora 
(Acaulospora sp. M1, Acaulospora sp. M4, Acaulospora sp. MCP47), Funneliformis sp. 
MPC8 and Scutellopsora sp. MPC13 after five months growth 

C, uninoculated seedling; I, inoculated seedling; Aca, Acaulospora inoculated seedling; Funneliformis 
inoculated seedling; Scutellospora inoculated seedling. 
*Value are means ± S.E of nine replicates for each treatment; bold indicates statistically significant value 
(P<0.05). 
 
 

Treatment Shoot 
height (cm)* 

Number of 
internodes (n)* 

Shoot dry 
weight (g)* 

Root dry 
weight (g)* 

AMF 
colonization (%)* 

Acaulospora sp. M1  40.5 ± 2.3 25.5 ± 1.3 1.54 ± 0.13 0.34 ± 0.04 42 ± 1.6   
Acaulospora sp. M4 40.0 ± 1.6 26.0 ± 1.2  1.44 ± 0.11 0.32 ± 0.02 48 ± 2.2 
Acaulospora sp. MPC47 41.1 ± 2.2 27.5 ± 1.8  1.51 ± 0.07 0.31 ± 0.02 45 ± 6.2 
Funneliformis sp. MPC8 42.0 ± 1.8 26.4 ± 0.9 1.58 ± 0.06 0.34 ± 0.03 42 ± 4.3 
Scutellospora sp. 
MPC13 

39.5 ± 2.5 24.5 ± 1.8  1.61 ± 0.05  0.29 ± 0.03 40 ± 2.9 

Control 31.7 ± 2.1 20.6 ± 1.5 1.12 ± 0.10 0.20 ± 0.02 23 ± 5.0 
      
Treatments compared (P value of linear orthogonal contrast) 
C vs I <0.001 <0.001 <0.001 <0.001 <0.001 
Aca vs Fun 0.552 0.962 0.476 0.559 0.527 
Aca vs Scu 0.692 0.249 0.323 0.259 0.270 
Fun vs Scu 0.419 0.326 0.820 0.164 0.691 
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3.4 Essential oil analysis 
 Forty-one GC-MS peaks were detected from the mānuka essential oil extracts with 
relative contents more than 0.5% (Online Resource 5 and 6). Seven major compounds 
(relative content >3.5%) dominated these essential oils: maltol, -elemene, selinene, 
selinene, trans-calamenene, grandiflorone and flavonoid 298 which contributed on 
average 43.3% of total GC-MS peak area (Online Resource 6). Other major compounds 
(mean >2% of total GC-MS peak area) were RI ester 1305, flavonoid 284, -cubebene, -
caryophyllene and Unknown 12. 
 Inoculation with different AMF isolates affected essential oil composition 
(PERMANOVA, P=0.049). Essential oil composition of seedlings inoculated either with 
Acaulospora sp. M1, Acaulospora sp. MPC47, or Funneliformis sp. MPC8 were not 
statistically different compared to uninoculated seedling (PERMANOVA, P>0.05). On the 
other hand, essential composition of seedlings inoculated either with Acaulospora sp. M4 
or Scutellospora sp. MPC13 were statistically different compared to uninoculated 
seedlings (PERMANOVA, P<0.05) although they were not different compared to 
inoculations with other AMF isolates (PERMANOVA, P>0.05).   
 Pearson correlation test analysis showed that six essential oil compounds had a 
strong contribution to the difference in essential oil composition associated with different 

-selinene and -selinene 
was higher in seedlings inoculated with either Acaulospora sp. M1 and uninoculated 
seedling compared to seedlings inoculated with other AMF isolates (Online Resource 6). 
On the other hand, the relative content of -cubebene, trans-calamenene and trans-
cadina-1,4-diene showed the opposite effect. 
 In quantitative terms, i.e. peak area per unit mass of dry leaf, the inoculated 
seedling showed significantly decreased -selinene and -selinene concentration 
compared to the uninoculated seedlings (P=0.012 and 0.015, respectively, Table 4) 
whereas they did not differ on flavonoid 298 concentration. No significant differences were 
observed in terms of the concentrations of maltol, -elemene, trans-calamenene or 
grandiflorone between the treatments (P>0.05, data not shown). At species level, 
Acaulospora inoculation showed a higher -selinene concentration compared to 
Scutellospora sp. MPC13 inoculation whereas Scutellospora sp. MPC13 inoculation 
showed a higher flavonoid 298 compared to other species (P=0.015 and P=0.003, Table 
4). However, no different were observed on -selinene concentration at species level 
(P>0.05, Table 4).  
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Table 4 Quantitative composition of essential oils in the foliage of Leptospermum 
scoparium seedling: selected major component concentrations (relative concentration 
>3.5%) towards five treatments of arbuscular mycorrhizal fungal species Acaulospora 
(Acaulospora sp. M1, Acaulospora sp. M4, Acaulospora sp. MCP47), Funneliformis sp. 
MPC8 and Scutellopsora sp. MPC13 after five months plant growth 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
C, uninoculated seedling; I, inoculated seedling; Aca, Acaulospora sp. M1, Acaulospora sp. M4 and 
Acaulospora sp. MPC47 inoculated seedling; Fun, Funneliformis sp. MPC8 inoculated seedling; Scu, 
Scutellospora sp. MPC13 inoculated seedling. 
*Value are means ± S.E of nine replicates for each treatment; bold indicates statistically significant value 
(P<0.05). 
 
3.5 Microbial community structure analysis using denaturing gradient gel electrophoresis 
(DGGE) 
3.5.1 Total bacteria 
 AMF inoculation modified the total bacterial community composition in the 
rhizosphere soil (PERMANOVA, P=0.008, Table 5). Total bacterial communities in 
rhizosphere soil from seedlings inoculated with Acaulospora sp. M1 were different 
compared to uninoculated seedlings (P≤0.05). Different total bacterial communities in 
rhizosphere soil between the different AMF isolate inoculations were also observed 
(P≤0.05). For instance, seedlings inoculated with Acaulospora sp. M1 had a different total 
bacterial community in the rhizosphere soil compared to seedlings inoculated with 
Scutellospora sp. MPC13. No different were observed on total bacterial communities in 
the roots (P=213, Table 5). 
 
 
 
 
 
 

Treatment 

Major essential oil compounds  (response 
compared to internal standard-eicosane, 

mg/g* 
-selinene -selinene flavanoid 298 

Acaulospora sp. M1 18.05 ± 2.34 17.48 ± 2.39 4.20 ± 0.49 
Acaulospora sp. M4 11.43 ± 1.93 10.98 ± 1.96 5.40 ± 0.80  
Acaulospora sp. MPC47 16.3 ± 1.66 15.5 ± 1.65 6.83 ± 1.13 
Funneliformis sp. MPC8 11.93 ± 4.83 10.78 ± 4.30 3.93 ± 0.73 
Scutellospora sp. 
MPC13 8.95 ± 1.77 7.83 ± 1.76 9.03 ± 2.22 
Control 22.1 ± 3.36 21.18 ± 3.10 4.78 ± 0.20     

C vs M 0.012 0.015 0.43 
Aca vs Fun 0.134 0.237 0.156 
Aca vs Scu 0.027 0.067 0.015 
Fun vs Scu 0.5 0.56 0.003 
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Table 5 Summary of results from statistical analyses: effects of arbuscular mycorrhizal fungi 
inoculations on soil and root microbial composition and richness 

Result from PERMANOVA analysis with the resemblance matrices which were built by calculating similarities 
between each pair of samples using Jaccard coefficient 
*Result from ANOVA analysis by calculating number DGGE band in each sample 
 
 There was a significant difference in total bacterial richness among treatments in 
soils (P=0.002, Table 5).  Seedling inoculated with either Acaulospora sp. M1 had a 
significantly higher number of bands (n=66.2) compared to either uninoculated seedlings 
(n=46.2) or Acaulospora sp. M1 (n=49.7) or Scutellospora sp. MPC13 (n=51.0) (P<0.05). 
There were no significant differences in total bacterial richness between treatments in 
roots (P=0.902, Table 5).   
 
3.5.2 Total fungi 
 AMF inoculation modified total fungal community composition in roots but not in 
the rhizosphere soils (PERMANOVA, P=0.053 and 0.001, respectively, Table 5). Roots of 
seedlings inoculated with AMF isolates, except Scutellospora sp. MPC13, had different 
total fungal communities compared to uninoculated seedlings (P≤0.05). There were no 
significant differences in total fungal richness between treatments in rhizosphere soils and 
roots (P=0.428 and 0.854 respectively, Table 5).   
 
3.5.3 Gammaproteobacteria 
 AMF inoculation significantly influenced Gammaproteobacterial communities in 
both the rhizosphere soil and roots (PERMANOVA, P=0.001 and 0.007, respectively, 
Table 5). All seedlings inoculated with Acaulospora had different Gammaproteobacterial 
communities in rhizosphere soil and roots when compared to uninoculated seedlings 
(P≤0.05). Seedling inoculated with Scutellospora sp. MPC13 had different 
Gammaproteobacterial communities in roots when compared to uninoculated seedlings. 
Different Gammaproteobacterial communities in rhizosphere soil between different AMF 
isolate inoculations were also observed (P≤0.05), but not in roots (P>0.05). There was no 
significant difference on Gammaproteobacterial richness among treatments in 
rhizosphere soils and roots (P=0.315 and 0.193, respectively, Table 5).   
 
3.6 Correlation between essential oil and microbial community structure 
 Mantel test did not find any significant correlation between essential oil 
composition with total bacterial and fungal community in root (P=0.179 and 0.570 
respectively) and Gammaproteobacterial community in rhizosphere soils (P=0.840). 
There were significant correlations between essential oil composition with total bacterial 
and fungal community in soil (P=0.007 and 0.011). A highly significant correlation was 
observed between essential oil composition and Gammaproteobacterial community in 
roots (P<0.0001). 

  Total bacteria Total fungi proteobacteria 

  Soil Root Soil Root Soil Root 

Microbial composition P=0.008 P=0.213 P=0.053 P=0.001 P=0.001 P=0.007 
Microbial richness* P=0.003 P=0.902 P=0.428 P=0.854 P=0.315 P=0.193 
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4 Discussion 
 This is the first study to characterise AMF communities of mānuka and to 
demonstrate that AMF can modulate essential oil composition in planta. Despite their key 
importance to the native plants of New Zealand this area is understudied with the majority 
of research conducted prior to modern molecular tools (Baylis et al., 1963; Cooper, 1976; 
Hall, 1977; Johnson 1977). Acaulospora, Rhizophagus and Glomus associations with 
mānuka were previously reported (Hall 1977; McKenzie et al. 2006). Furthermore, this 
study reported two new AMF associations on mānuka.  Claroideoglomus was previously 
classified as Glomus (Krüger et al. 2012) and may not have been identified before due to 
overlapping morphological features with Glomus. Sequences that correlated with an 
uncultured Paraglomus sp. might also be a novel association with mānuka but the size of 
sequences (± 200 bp) were insufficient to confirm identity to the species levels (<97%). 
Future study using a longer amplicon might resolve this species association.  
 In this study a combination of techniques i.e. trap culture and DGGE was 
necessary to characterize AMF communities and more exhaustive rather than a single 
technique. Poor colonization and sporulation by some AMF species during trap culture 
have been reported (Kowalchuk et al. 2002; Redecker et al. 2003; Ryszka et al. 2010). In 
contrast, an absence of some AMF taxa in DGGE bands was observed when compared 
to trap cultures. This can be explained by i) a minor AMF population may be excluded 
from DGGE due to preferential amplification by the major population (>1% of total 
population) (Muyzer et al. 1993), ii) less root sample is used for DGGE analysis compared 
to trap culture initiation (approximately 60-100x more), iii) some excised DGGE bands 
represented >1 sequence and thus, some AMF taxa might be masked by other co-
migrating taxa, and iv) not all bands were excised and sequenced from the DGGE gels. 
Therefore, the combination of trap culture and DGGE complemented each other to 
characterise the AMF community in mānuka. 
 Plant location influenced the AMF community in mānuka. As the AMF community 
in natural ecosystems is fairly constant during the year (Davison et al. 2012) the different 
sampling times are likely to have had little influence on the AMF community detected. 
Plant location consists of a complex range of environmental and abiotic factors that 
influence microbial communities (Sessitsch et al. 2002; Costa et al. 2006; Öpik et al. 
2006, Rodríguez-Echeverría and Freitas 2006). Thus, the differences in AMF 
communities between sites with different geographic location and environment were 
expected in this study. 

This study used unsterilized soil to assess the application potential of AMF 
inoculation which naturally contained native microbes including AMF. Thus the AMF 
colonization that observed in the control plants were expected in this study. Most of study 
to investigate AMF effects are performed in sterile soil (Rodriguez and Sanders, 2015). 
However, using unsterilized soil which can represent field condition may provide practical 
relevance because the introduced AMF must compete with other microbes (Rydlová et al. 
2016; Ordoñez et al. 2016; Hristozkova et al. 2016). In this study mycorrhizal colonization 
were relatively lower in the uninoculated seedling compared to the inoculated seedling. 
This indicated that the propagules of native AMF were lower than those in introduced 
AMF inoculum, so the overall effect of the native AMF was probably lower in this study. 
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 AMF inoculation increased mānuka plant biomass. In mānuka, mycorrhizal 
colonization was reported up to 60% mycorrhizal colonization, whereas in other 
Myrtaceae studies such as Eucalyptus studies were 45-48% which was similar with this 
study (Moyersoen and Fitter, 1999; Janos et al. 2013; Chen et al. 2000). A greater 
mycorrhizal colonization was associated with better plant biomass especially under a low 
available soil P (Treseder, 2013; Lekberg and Koide, 2005). Thus, our result concerning 
mānuka between the inoculated and uninoculated plants is in agreement with the 
literature.  

The most interesting finding was AMF altered the essential oil composition of 
mānuka foliage. Acaulospora sp. M4 and Scutellospora sp. MPC13 inoculation 
qualitatively changed the essential oil composition and this indicated functional diversity 
between AMF species. However, as the other treatments caused no change in qualitative 
essential it is clear that this is not a general response to inoculation and not related to 
growth promotion. A similar result was reported by Karagiannidis et al. (2011). In 
quantitative terms, AMF inoculation decreased major essential compounds of mānuka i.e 
-selinene and -selinene. AMF inoculation was reported not only give positive (increase) 
but also negative (decrease) effects on major essential oil compounds in medicinal plants 
such as sweet basil, fennel and common sage (Copetta et al. 2006; Kapoor et al. 2004; 
Geneva et al. 2010).   
 Several direct mechanisms by which AMF modify essential oils have been 
described in previous studies. Although not investigated here, AMF inoculation is known 
to alter the number of peltate glands and glandular trichomes, the structures for essential 
oil production, and regulate plant secondary metabolite gene expression (Chaudhary et 
al. 2008; Copetta et al. 2006; Harrison and Dixon 1993; Taylor et al. 2003). In mānuka, 
essential oil compounds are produced in oil glands within leaves, and the densities and 
sizes of these oil glands vary between regional chemotypes (Killeen et al. 2015; Killeen et 
al. 2016). Examination of the oil glands or the expression of the genes responsible for 
essential oil production may help to determine the mechanism by which essential oil 
contents are modified in mānuka. 
 AMF inoculation changed the microbial community in rhizosphere soil and roots. 
AMF hyphal exudate can stimulate microbial growth and change microbial community 
composition (Filion et al., 1999; Nuccio et al. 2013; Toljander et al. 2007; Vázquez et al. 
2000). Furthermore, AMF inoculum which used in this study may contain their own 
microbial community as reported from previous studies (Bianciotto et al., 1996; Scheublin 
et al., 2010). Thus, the changes in microbial community in rhizosphere soils and roots 
could also be due to microbe that colonising the hyphal and spores in the introduced AMF 
inoculum (Marschner and Bauman, 2003).  
 We observed a significant correlation between microbe community and essential 
oil composition. Rhizosphere microbes can promote production of plant secondary 
metabolites (Howell et al. 2000; Banchio et al. 2008). A highly significant correlation was 
observed between Gammaproteobactera community in root and essential oil composition. 
Gammaproteobacteria i.e Pantoea, Pseudomonas, and Acinetobacter have been reported 
to modify essential oil composition through biotransformation, regulate plant gene 
expression, produce compounds that stimulate essential oil production or modify 
glandular trichomes (Del Giudice et al. 2008; Wang et al. 2015; Zhou et al. 2016; Dharni 
et al. 2014). Gammaproteobacteria was also considered to have a synergistic relationship 
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with AMF (Toljander et al. 2007; Artursson et al. 2006) and an important group of 
bioactive bacteria in mānuka (Wicaksono et al. 2016). Therefore, modification of microbial 
community especially Gammaproteobacteria in root by AMF colonization might modify 
essential oil composition in mānuka. This is the first study to correlate changes in the 
microbial community to essential oil modification in mānuka. 
 In conclusion, we found that Acaulospora, Rhizophagus, Glomus, Paraglomus and 
Claroideoglomus genera were associated with mānuka. Inoculation with AMF increased 
growth and modified essential oil composition in leaves. Further study is needed to 
determine the exact mechanisms by which AMF to modify essential oil composition in 
mānuka. 
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Online Resource 2 Morphotypes M1-M7 (A-G) of representative arbuscular mycorrhizal 
fungi spores that were isolated using trap cultures. Black bar represents 100 μm 
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Online Resource 3 Sequenced bands excised from DGGE gel of amplified arbuscular 
mycorrhizal fungal communities with their highest matches 
 
 

DGGE band Closest match Accession # Similarity 
AMC1 NR   
AMC2 NR   
AMC3 NR   
AMC4 NR   
AMC5 NR   
AMC6 uncultured Paraglomus FR693458 93% 
AMC7 uncultured Paraglomus FR693458 92% 
AMC8 uncultured Paraglomus FR693458 93% 
CR1 NR   
CR2 NR   
CR3 NR   
CR4 NR   
CR5 Acaulospora sp. LN622091 97% 
CR6 NR   
CR7 NR   
KR1 uncultured Glomeraceae LC027191 96% 
KR2 uncultured Glomeraceae LC027191 96% 
KR3 NR   
KR4 uncultured Glomeraceae LC027191 92% 
KR5 NR    
KR6 uncultured Glomeraceae LC027191 93% 
KR7 NR   
LR1 uncultured Glomeraceae LT217217 100% 
LR2 uncultured Glomeraceae LT217217 99% 
LR3 uncultured Glomeraceae LT217217 99% 
LR4 uncultured Glomeraceae LT217217 100% 
LR5 uncultured Glomeraceae LT217217 100% 
LR6 uncultured Glomeraceae LT217217 100% 
MA1 uncultured Paraglomus FR693458 93% 
MA3 uncultured Paraglomus FR693458 93% 
MA4 uncultured Paraglomus FR693458 93% 
MA5 uncultured Paraglomus FR693458 93% 
MA6 uncultured Paraglomus FR693458 92% 
THP1 Rhizophagus sp. KU136420 99% 
THP2 Rhizophagus sp. JQ864343 97% 
THP3 Rhizophagus sp. KU136420 96% 
THP4 Rhizophagus sp. KP284264 98% 
THP5 NR    
THP6 Glomus sp.  HE799024 93% 
IHS1 Rhizophagus sp. KP284229 100% 
IHS2 Rhizophagus sp.  KP284229 100% 
IHS3 NR    
IHS4 Rhizophagus sp. KP284229 98% 
IHS5 Rhizophagus sp. KP284229 100% 
TWL1 NR   
TWL2 Acaulospora sp.  KR362585 99% 
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Online 
Resource 3 
continued    
DGGE band Closest match Accession # Similarity 
IHS5 Rhizophagus sp. KP284229 100% 
TWL1 NR   
TWL2 Acaulospora sp.  KR362585 99% 
TWL3 Acaulospora sp.  KR362585 99% 
TWL4 Acaulospora sp.  KR362585 99% 
TWL5 Acaulospora sp. KR362585 98% 
WC1 Glomus sp.  LN623268 100% 
WC2 Glomus sp.  LN623268 100% 
WC3 Glomus sp.  LN623268 100% 
WC4 Glomus sp.  LN623268 97% 
WC5 uncultured Paraglomus HF954810 94% 
WC6 uncultured Paraglomus HF954810 94% 

NR: Sequences were not analysed due to multiple sequence signals in chromatogram 
 
 
 

 
Online Resource 4 Nonmetric multidimensional scaling (MDS) plots showing arbuscular 
mycorrhizal fungal communities associated with Leptospermum scoparium from different 
regions in New Zealand. , northern South Island: , central South Island:, southern South 
Island: . Abbreviation of sampling location referred to Table 1 
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Online Resource 5 Composition of foliage essential oils in Leptospermum scoparium 
(Canterbury chemotype) after five months growth (n=6 different arbuscular mycorrhizal 
fungi inoculation treatments x 4 replicate plants per treatment) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

GC Peak Retention Index Compound name CAS number 
1 935 -pinene 80-56-8 
2 1116 Maltol 118-71-8 
3 1222 Unknown 1  
4 1305 RI 1305 ester  
5 1311 Unknown 2  
6 1345 -cubebene 17699-14-8 
7 1372 -copaene 3856-25-5 
8 1380 trans-methyl Cinnamate 1754-62-7 
9 1389 elemene 515-13-9 
10 1416 caryophyllene 87-44-5 
11 1435 Aromadendrene 489-39-4 
12 1473 Unknown 3  
13 1484 selinene 17066-67-0 
14 1489 Unknown 4  
15 1492 selinene 473-13-2 
16 1504 - amorphene 189165-79-5 
17 1514 Unknown 5  
18 1521 trans-calamenene 73209-42-4 
19 1530 trans cadina-1,4-diene 38758-02-0 
20 1621 Unknown compound 6  
21 1625 Sesquiterpene  
22 1629 Norflavesone  
23 1648 Unknown 7  
24 1651 -eudesmol 1209-71-8 
25 1813 Unknown 8  
26 1846 Unknown 9  
27 1943 Unknown 10  
28 2131 Unknown 11  
29 2205 Grandiflorone 50861-53-3 
30 2299 Norgrandiflorone 34328-57-9 
31 2486 Flavonoid 284  
32 2514 Unknown 12  
33 2521 Flavonoid 284  
34 2572 Unknown 13  
35 2627 Flavonoid 298  
36 2654 Unknown 13  
37 2746 Flavonoid 298  
38 2773 Flavonoid 296  
39 2773 Unknown 14  
40 3137 Unknown 15  
41 3609 Unknown 16  



283 
 

 

 

Online Resource 6 Mean of foliage essential oils  in Leptospermum scoparium (Canterbury chemotype) after five months growth from each 
treatment (n=6 different arbuscular mycorrhizal fungi inoculation treatments x 4 replicate plants per treatment) 

Compound name Acaulospora 
sp. M1 

Acaulospora 
sp. M2 

Acaulospora 
sp. M3 

Acaulospora 
sp. M4 

Acaulospora 
sp. MPC47 

Glomus sp. 
MPC 8 

Scutellospora 
sp. MPC13 Control Mean SD 

pinene 0.00 0.00 0.88 0.67 1.28 1.14 0.81 0.00 0.6 1.08 
Maltol 8.15 1.42 9.11 3.60 4.11 6.78 2.15 4.04 4.9 4.26 
Unknown 1 0.85 0.70 0.83 0.39 0.32 0.50 1.06 0.65 0.7 0.48 
RI 1305 ester 2.71 2.04 4.27 2.81 2.29 2.11 2.92 3.15 2.8 1.70 
Unknown 2 0.68 0.75 0.67 0.36 0.25 0.64 0.88 0.48 0.6 0.45 
cubebene 1.57 1.73 1.61 3.46 2.49 2.61 3.74 1.61 2.4 1.16 
copaene 0.40 0.44 0.40 0.73 0.68 0.60 0.75 0.30 0.5 0.23 
trans-methyl cinnamate 2.41 2.19 2.37 1.18 1.00 1.39 1.25 3.05 1.9 1.30 
elemene 3.53 6.24 1.53 3.37 2.76 1.89 3.87 4.65 3.5 2.57 
caryophyllene 2.37 2.96 1.22 2.38 2.25 2.30 2.63 1.66 2.2 1.25 
Aromadendrene 0.46 0.60 0.74 0.37 0.65 0.59 0.36 0.79 0.6 0.32 
Unknown 3 2.08 2.23 2.09 1.26 2.20 1.63 1.57 1.92 1.9 0.49 
selinene 12.61 12.60 12.20 7.52 10.17 7.59 6.84 11.91 10.2 3.89 
Unknown 4 0.18 0.50 0.33 1.05 0.87 0.61 1.05 0.12 0.6 0.57 
-selinene 12.98 13.09 13.29 7.77 10.69 8.35 7.59 12.39 10.8 3.86 
-amorphene 0.73 1.70 0.45 0.82 0.70 0.54 0.35 0.68 0.7 0.80 
Unknown 5 0.80 0.96 0.61 1.19 0.71 0.82 1.38 0.77 0.9 0.41 
trans-calamenene 3.61 4.85 3.45 6.59 6.37 5.98 6.85 3.52 5.2 2.14 
trans cadina-1,4-diene 1.31 1.44 1.28 2.48 2.14 2.20 2.41 1.28 1.8 0.79 
Unknown 6 1.17 2.35 0.61 1.31 2.33 1.22 0.50 1.19 1.4 1.25 
Sesquiterpene 2.02 0.79 2.44 1.14 1.04 2.01 3.79 1.46 1.8 1.47 
Norflavesone 0.88 0.21 0.14 0.16 0.54 1.09 0.59 0.77 0.5 0.59 
Unknown 7 0.69 0.37 0.60 0.68 0.76 2.01 0.51 1.83 0.9 0.97 
eudesmol 1.70 1.51 1.90 1.26 1.80 2.96 1.23 3.05 1.9 1.24 
Unknown 8 0.56 0.70 0.39 1.38 0.79 0.92 1.43 0.77 0.9 0.57 
Unknown 9 0.79 0.87 0.93 0.86 1.02 0.94 1.27 0.78 0.9 0.32 
Unknown 10 0.73 0.52 0.92 0.55 0.48 0.44 0.29 0.43 0.5 0.39 
Unknown 11 1.04 0.93 0.99 1.15 1.42 1.23 1.35 0.85 1.1 0.38 
Grandiflorone 7.33 2.53 6.74 7.14 1.48 5.15 2.72 4.15 4.7 3.67 
Norgrandiflorone 1.36 1.44 0.72 0.14 1.86 1.81 0.40 0.58 1.0 1.16 
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Online Resource 6 
continued           

Compound name Acaulospora 
sp. T1 

Acaulospora 
sp. T2 

Acaulospora 
sp. T3 

Acaulospora 
sp. W1 

Acaulospora 
sp. MPC47 

Glomus sp. 
MPC 8 

Scutellospora 
sp. MPC13 Control Mean SD 

Flavonoid 284 0.48 0.87 0.52 0.58 0.68 0.45 0.68 0.40 0.6 0.24 
Unknown 12 1.64 0.53 1.03 5.19 2.75 4.20 1.93 5.11 2.8 3.34 
Flavonoid 284 1.26 4.79 1.36 3.44 2.03 1.48 3.14 1.68 2.4 1.96 
Unknown 13 0.79 1.33 0.00 1.12 0.75 0.48 1.02 0.74 0.8 0.82 
Flavonoid 298 1.00 2.09 0.87 1.66 1.71 1.26 2.78 1.20 1.6 0.92 
Unknown 13 0.87 1.14 0.69 1.77 1.84 1.59 1.05 0.79 1.2 0.86 
Flavonoid 298 3.01 5.15 2.75 3.75 4.72 3.23 7.52 2.77 4.1 2.15 
Flavonoid 296 0.96 1.72 0.72 1.41 1.36 0.89 1.48 0.89 1.2 0.80 
Unknown 14 0.49 0.81 0.76 0.48 0.47 0.47 0.52 0.40 0.6 0.38 
Unknown 15 1.06 0.82 0.91 1.17 1.17 1.32 1.35 0.81 1.1 0.45 
Unknown 16 0.69 0.71 0.55 0.70 0.87 0.72 0.86 0.53 0.7 0.23 

 
 
 



285 
 

 

 

 
Online Resource 7 Pearson correlation analysis of 41 essential oil compounds used to 
determine effect of arbuscular mycorrhizal fungi inoculation treatments toward essential 
oil composition 
 

Compound name MDS1 MDS2 
-pinene 0.28 -0.07 
Maltol -0.38 -0.14 
Unknown 1 -0.03 -0.53 
RI 1305 ester -0.49 -0.45 
Unknown 2 -0.05 -0.50 
cubebene 0.90 -0.06 
copaene 0.84 -0.01 
trans-methyl cinnamate -0.24 -0.01 
elemene 0.04 0.26 
caryophyllene 0.34 0.15 
Aromadendrene -0.38 0.15 
Unknown 3 -0.69 0.22 
selinene -0.81 0.12 
Unknown 4 0.88 0.09 
selinene -0.83 0.14 
amorphene 0.08 0.60 
Unknown 5 0.66 -0.04 
trans-calamenene 0.90 0.08 
trans cadina-1,4-diene 0.85 -0.10 
Unknown 6 0.08 0.23 
Sesquiterpene 0.02 -0.77 
Norflavesone -0.12 -0.08 
Unknown 7 -0.44 0.05 
eudesmol -0.67 0.06 
Unknown 8 0.87 0.03 
Unknown 9 0.43 -0.48 
Unknown 10 -0.54 -0.18 
Unknown 11 0.31 -0.56 
Grandiflorone -0.49 -0.17 
Norgrandiflorone -0.35 0.17 
Flavonoid 284 0.54 0.60 
Unknown 12 0.20 -0.27 
Flavonoid 284 0.51 0.64 
Unknown 13 0.35 0.47 
Flavonoid 298 0.51 -0.20 
Unknown 13 0.29 -0.14 
Flavonoid 298 0.67 0.00 
Flavonoid 296 0.64 0.48 
Unknown 14 0.29 0.50 
Unknown 15 0.27 -0.50 
Unknown 16 0.37 -0.44 

 




