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Abstract 

 

Myrtle rust, also known as eucalyptus rust or guava rust, caused by the pathogenic 

fungus Austropuccinia psidii Beenken (formerly Puccinia psidii Winter), is a major 

threat to Australia‟s natural vegetation and to Eucalyptus dependent industries 

worldwide. However, the presence of specific resistance to this introduced pathogen in 

Australian myrtaceous species raises intriguing questions relating to the underlying 

mechanisms of resistance and the evolutionary trajectories resulting in the observed 

variations of susceptibility. This thesis aims to identify rust resistance mechanisms in 

two key Eucalyptus species i.e. Eucalyptus globulus Labill. ssp. globulus and 

Eucalyptus obliqua L‟Hér. that predate contemporary contact between the host and 

pathogen, using phenotypic and molecular analyses. Rust screening was carried out to 

examine the genetic variation of susceptibility to A. psidii in geographic races (and sub-

races) of E. globulus ssp. globulus and regional populations of E. obliqua. Analysis 

revealed genetic variation between and within geographic populations of both species 

that will allow natural adaptation to the new disease threat, and divergence between the 

two species representative of the two most species-rich Eucalyptus subgenera i.e. 

Symphyomyrtus and Eucalyptus. Detailed observations of the rust infection process by 

scanning electron microscopy did not indicate any distinct differences in either 

ontogeny or morphology of A. psidii infection structures between different rust response 

phenotypes i.e. completely resistant, hypersensitive and highly susceptible in both 

Eucalyptus species. Further histological examination revealed direct (non-stomatal) 

penetration of germinating urediniospores through the leaf cuticle in susceptible 

phenotypes while the infection was stopped at the leaf surface, without host penetration, 

in completely resistant phenotypes. Non-host/non-pathogen interactions, i.e. the growth 

of variable length germ tubes in random directions and reduced probability of germ 

tubes in locating stomata in Eucalyptus and A. psidii may be due to the lack of basic 

compatibility or specific recognition events between the plant and the pathogen as has 

been observed in other non-host pathosystems. Foliar terpenes were analysed as 

possible preformed resistance compounds associated with rust resistance in both 

Eucalyptus species. While terpene components were found to be significantly associated 

with susceptibility differences between rust response phenotypes, the components were 
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not consistent between E. globulus and E. obliqua and quite different to the previously 

identified resistance biomarkers in Eucalyptus hybrids. Less specificity between terpene 

composition and rust resistance may be due to the complexity of terpene defensive 

chemistry between Eucalyptus species and the synergistic effects of terpene compounds 

in combination with other metabolites in producing similar defensive responses against 

the same pathogen. Finally, a genome wide association study (GWAS) of rust resistance 

in E. obliqua identified genomic regions including those corresponding to the reported 

major QTLs, i.e. Ppr1 to Ppr5, for rust resistance in E. grandis and E. globulus from 

subgenus Symphyomyrtus. Functional annotations of positional candidate genes also 

revealed some hypothetical proteins related to defences against pathogens such as an 

enzymatic class of R genes, and genes annotated as nucleotide-binding (NB) proteins, 

leucine-rich repeat (NB-LRR) domains and transcription factors. The co-location of rust 

resistance loci between subgenera Eucalyptus and Symphyomyrtus is consistent with the 

hypothesis that the host and pathogen had an ancient evolutionary connection dating 

perhaps to 30 million years ago, and the presence of specific recognition to A. psidii in 

modern Australian Eucalyptus may be due to the retention of ancient R genes. 

Alternatively, the resistance genes may be effective against and maintained by the 

current native pathogens but happen to be partly effective against A. psidii between 

resistant myrtaceous plants across the Australian landmass. The present study 

contributes to our understanding of the complex Eucalyptus – A. psidii pathosystem and 

the underlying mechanisms of rust resistance at both a fundamental and applied level 

for sustainable disease management in Eucalyptus forests and commercial breeding for 

rust resistance. 
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Chapter 1                                                                                            Introduction and literature review      

 

1 
 

Chapter 1 

 

Introduction: Genetic rust resistance in Eucalyptus species and potential 

implication of molecular approaches in disease management 

 

Eucalyptus species and their importance 

Eucalyptus (Myrtaceae) is a large genus of evergreen trees and shrubs consists of about 

839 species (Booth et al. 2015). The genus first came to the attention of the scientific 

world in the late eighteenth century, being introduced by the taxonomic description by 

Charles Louis L‟Héritier de Brutelle (L'Héritier de Brutelle 1963). Eucalyptus species 

are now a major source of forest products in many countries around the world, with 

great economic, cultural and environmental significance. Most Eucalyptus species have 

their origin in Australia but some occur naturally in New Guinea and as far as Mindanao 

in the Philippines and Flores in Indonesia (Chippendale 1988; Paine et al. 2011). 

Eucalyptus is reported to be the most valuable and widely planted hardwood genus in 

the twenty-first century with more than 20 million hectares of plantation worldwide and 

growth rates of wood volume exceeding 35 m
3
 ha

-1
 year

-1
 (Albaugh et al. 2013; 

Forrester et al. 2010; Naidoo et al. 2014). Many species have been tested for 

adaptability and utility around the world but only a relatively small number of species 

are globally cultivated since the 1990s (Booth et al. 2015). 

 

According to Stanturf et al. (2013), worldwide the nine dominant commercial 

Eucalyptus species are Eucalyptus camaldulensis Dehnh., Eucalyptus grandis W. Hill 

ex Maiden, Eucalyptus tereticornis Smith, Eucalyptus globulus Labill., Eucalyptus 

nitens H. Deane & Maiden, Eucalyptus urophylla S.T. Blake, Eucalyptus saligna Smith, 

Eucalyptus dunnii Maiden and Eucalyptus pellita F. Muell, and their hybrids, which 

account for more than 90% of Eucalyptus plantation forests. Among these species, E. 

camaldulensis is the most widely distributed of all Eucalyptus in its native range, with 

occurrence in mainland Australia from subtropical environments in the Northern 

Territory to temperate climates of southern Victoria (Butcher et al. 2002). The wood 
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harvested from the commercial Eucalyptus species is used primarily as raw material for 

the pulp and paper industry (Pirralho et al. 2014). 

 

Most of Australia‟s native forests have Eucalyptus species forming the dominant 

canopy (Pink 2012). These species occur in a wide range of physical forms from shrubs 

to trees and occupy a broad range of climatic and ecological niches across the country 

(Booth et al. 2015). Eucalyptus species were used for fuelwood, fencing and 

construction in the late eighteenth century apart from the medicinal use of their essential 

oils extracted from the leaves of some species. Their favourable characteristics, 

including rapid growth rates, high quality wood fibre and wide adaptability to 

environmental conditions, have contributed to the great interest of the genus as valuable 

forest products (Stanturf et al. 2013; Strauss 2001). In addition to their economic value, 

native Eucalyptus forests are also important as repositories for great genetic diversity 

and maintenance of ecological balance (Turnbull 1995). Their continental scales of 

dominance have provided abundant food resources for a large diversity of animal taxa 

including insects, birds and mammals (Strauss 2001). 

 

The genus Eucalyptus has been divided into ten subgenera (Bayly 2016; Noble 1989), 

the largest of which are Symphyomyrtus and Eucalyptus (previously informal 

Monocalyptus; Pryor and Johnson 1971) with about 450 and 110 species respectively 

(Boland et al. 2006). The main commercially important native Eucalyptus species in 

south-eastern Australia include Eucalyptus delegatensis R.T. Baker, Eucalyptus obliqua 

L‟Hér. and Eucalyptus regnans F. Muell. (Nevill et al. 2014). Among these species, E. 

obliqua is the most widespread of the monocalypts (subgenus Eucalyptus), with 

populations found in Victoria, South Australia, New South Wales and Tasmania (Figure 

1-1; Bloomfield et al. 2011). This species is also reported to be the most widespread 

Eucalyptus in Tasmania (Williams and Potts 1996) with extensive occurrence in wet 

sclerophyll forest designated for wood production purposes (Neyland et al. 2009). 

However, the demand for Eucalyptus wood products from native forests has generally 

exceeded supply in Australia and there has been great effort of domestication of forest 

species for sustainable wood production in plantations by the Australian government 

and private investors. 
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Among the domesticated Eucalyptus, E. globulus ssp. globulus from the subgenus 

Symphyomyrtus is one of the most commonly planted species comprising over half of 

the hardwood plantations by area in Australia (Pink 2012). This species is native to 

south-eastern Australia (Figure 1-2; Williams and Potts 1996) with its main occurrence 

in coastal and lowland areas of eastern and south-eastern Tasmania and the Bass Strait 

islands but extending to western Tasmania and southern Victoria. Its fast growth rate, 

wide adaptability to soils and climates, ease of management and valuable wood 

properties have made E. globulus a prime candidate for planting for the pulp industry 

and various other purposes worldwide (Turnbull 1999). The Australian national E. 

globulus breeding program commenced in 1995 by the Southern Tree Breeding 

Association (STBA) with a founder population of more than 600 collections from 

throughout the species‟ geographic range (McRae et al. 2004). Both native and 

plantation Eucalyptus forests in Australia are important to provide the majority of the 

timber and a significant proportion of paper products to the country as well as the 

minority products such as natural oils, firewood and craft wood (Pink 2012). 

 

Geographic variation in Eucalyptus 

The study of geographic variation within the native ranges of forest trees is important 

for understanding the genetic structure of the species and the significance of 

evolutionary forces that caused the observed patterns of variation. The knowledge of 

spatial distribution of genetic variation is essential for the implementation of strategies 

for exploitation and conservation of genetic resources in forest management and tree 

improvement programs (Potts and Jordan 1994b). The distinct patterns of geographic 

variation in tree species are associated with their evolutionary histories and ongoing 

adaptive processes in their current environments. The key evolutionary forces which 

drive patterns of genetic differentiation in forest trees are revealed to be genetic drift, 

natural selection and hybridisation (Jones et al. 2013). Based on previous morphological 

research and provenance trials, Eldridge et al. (1993) reported geographic variation of 

economically important traits such as growth rate, oil content, wood properties, extreme 

environmental tolerance and disease resistance in various Eucalyptus species, including 

the major plantation species: E. camaldulensis, E. globulus, E. grandis and E. 
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Figure 1-1: Distribution of Eucalyptus obliqua in Australia (source: The Australasian 

Virtual Herbarium, https://avh.chah.org.au). 

 

 

 

Figure 1-2: Distribution of Eucalyptus globulus ssp. globulus in Australia (source: The 

Australasian Virtual Herbarium, https://avh.chah.org.au). 

 

 

https://avh.chah.org.au/
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tereticornis, and other wood-producing species of south-eastern Australia: E. obliqua, 

E. delegatensis, E. nitens and E. regnans. 

 

Racial classification has been used to distinguish groups of individuals (or subdivision 

of a species) based on obvious morphological differences or clear geographical 

boundaries (Jordan et al. 1994). According to the dictionary of genetics by King et al. 

(2006), a race is defined as a phenotypically and/or geographically distinctive 

subspecific group, composed of individuals inhabiting a defined geographical and/or 

ecological region, and possessing characteristic phenotypic and gene frequencies that 

distinguish it from other such groups. Earlier field trials carried out by Green (1971) and 

Brown et al. (1976) have demonstrated significant variations of several growth 

parameters such as height, diameter at breast height (dbh) and tree volume, and survival 

rate in E. obliqua between geographically different localities (provenances) and 

between parent trees (families) within localities. However, subsequently not much 

research was directed at E. obliqua as the species is not planted but mainly regenerated 

naturally across its distributional range, and therefore attracting less attention from the 

research community in contrast to the widely planted species around the world. 

 

Due to the global importance of E. globulus as a pulpwood species with favourable 

pulping quality, this species is one of the best studied species in Eucalyptus for potential 

tree improvement and selective breeding in the plantation forest industry. Spatial 

variation has been reported in E. globulus for various morphological traits including 

growth performance (Jordan et al. 1994), juvenile foliage morphology (Potts and Jordan 

1994a), seedling abnormalities (Potts and Jordan 1994b), Mycosphaerella disease 

resistance (Carnegie and Ades 2005; Carnegie et al. 1994), drought resistance 

(Dutkowski 1995), frost resistance (Zang et al. 1995), longhorn borer resistance (Soria 

and Borralho 1997), and sawfly resistance (Jordan et al. 2002). E. globulus has 

primarily been classified into 12 geographic races based on the similarities in growth 

response (Jordan et al. 1994) but the respective classification has subsequently been 

revised into 13 races and 20 sub-races based on wider morphological traits including 

bark thickness, wood basic density, flowering precocity, survival and other growth 

parameters (Dutkowski and Potts 1999). The revised racial classification relied less on 
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geographic discontinuities as required for growth data analysis and has led to better 

identification of race boundaries and new divisions within races. The sub-race 

identification of Dutkowski and Potts (1999) has further been used to define genetic 

groups of E. globulus in the evaluation of the Australian Eucalyptus breeding program 

(McRae et al. 2004) and the study of genetic wood architecture of E. globulus for 

potential wood property improvement (Stackpole et al. 2011). 

 

Molecular genetic variation in Eucalyptus 

The use of morphological traits for racial classification in species complexes is 

challenging due to the methodological difficulty in distinguishing between homology 

(similarity due to common ancestry) and homoplasy (similarity due to convergence) 

within species (Jones et al. 2013). In the last decades, molecular studies have often been 

used as a complement to evaluate the genetic differentiation and evolutionary histories 

of the species complexes. Data generated from molecular analyses have been 

fundamental to various disciplines of genetics and genomics research including 

phylogeny, phylogeography and taxonomy (Grattapaglia et al. 2012). The discrepancy 

between molecular and morphological classifications may be attributable to resolution 

with finer morphological structures undetectable at molecular levels or real differences 

between methodologies with molecular approaches accessing neutral variation while 

morphological analyses capture patterns of both selective and neutral variations. 

 

Molecular analyses have been used to investigate the geographical structure of E. 

globulus native populations (Jones et al. 2002; Steane et al. 2006). Based on 

microsatellite variation analysis, morphologically similar E. globulus from Tasmanian 

and Victorian localities have appeared to be molecularly distinct (Jones et al. 2002). 

This observation has affirmed the previous report of molecular distinction between 

Tasmanian and Victorian E. globulus based on random amplified polymorphic DNA 

(RAPD) markers (Nesbitt et al. 1995). Besides, variation patterns in E. globulus 

identified by Steane et al. (2006) using nuclear microsatellite markers and quantitative 

genetic traits has revealed the similarities between geographically neighbouring races 

using molecular markers but contrasting spatial differentiation between some of the 

nearby geographical races based on morphological traits. This has further anticipated 
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that genetic variation between geographical races may reflect the adaptive differences 

that evolved in response to the selection difference in distinctive natural environments. 

Chloroplast markers have also been used to examine genetic variation in E. globulus 

and previous studies revealed that patterns of variability in chloroplast DNA did not 

conform to subspecies boundaries but correlated more with geographic distribution 

within the species (Freeman et al. 2001; Jackson et al. 1999). The same observations 

were reported in other Eucalyptus species in which chloroplasts appeared to be 

geographically structured and shared between morphological species within a spatial 

region (McKinnon et al. 2004; McKinnon et al. 1999; McKinnon et al. 2001; Nevill et 

al. 2010; Nevill et al. 2014; Rathbone et al. 2007; Steane et al. 1998). 

 

Genetic differentiation has likewise been analysed in E. obliqua across environmental 

gradients in fine local scales for a range of quantitative traits including growth rate i.e. 

height and volume, foliage disease susceptibility and browsing damage, frost resistance 

and bark thickness (Wilkinson 2008). Bloomfield et al. (2011) reported no significant 

nuclear microsatellite differentiation but distinct geographic partitioning of chloroplast 

DNA haplotypes in E. obliqua across several steep environmental gradients. This 

observation has suggested the maintenance of quantitative trait variations in E. obliqua 

by natural selection and other environmental forces, and population differentiation by 

pollen-mediated gene flow (greater than 150 times the level of seed-mediated gene 

flow) in the species along the local environmental gradients. The implications of 

haplotype diversity with regard to hybridisation between south-east Australian 

Eucalyptus species viz. E. delegatensis, E. obliqua and E. regnans of subgenus 

Eucalyptus (Nevill et al. 2014), and several species of subgenus Symphyomyrtus 

including E. globulus (McKinnon et al. 2004) in glacial refugia have also been 

discussed. The extensive inter-specific sharing of chloroplast haplotype in these 

Eucalyptus species with different ecological tolerances has suggested the ability of 

natural hybridisation in Eucalyptus as a response to rapid environmental changes during 

the Last Glacial Maximum (LGM). Long-term persistence and recolonisation of E. 

regnans in many regions as revealed by microsatellite analysis has also suggested the 

capability of the species to maintain a diverse genetic structure during the harsh LGM 

(Nevill et al. 2010). Hence, molecular genetic studies have been proposed to assist 
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various genetic applications including sampling strategies for breeding programmes, 

biotechnology tools for tree improvement, and formation of conservation management 

strategies for Eucalyptus forest (Butcher et al. 2002; Jones et al. 2006; Myburg et al. 

2008; Shepherd et al. 2010). 

 

Myrtle rust and its potential threat on Eucalyptus 

Since the past century, a number of pathogenic fungi of the order Pucciniales 

(previously known as Uredinales) have been reported to infect members of Myrtaceae 

(Coutinho et al. 1998). Austropuccinia psidii Beenken (Beenken 2017; syn. Puccinia 

psidii Winter or Uredo psidii Simpson, Thomas & Grgurinovic, Sphaerophragmiaceae, 

Pucciniales), also known as eucalyptus rust, guava rust or myrtle rust, is currently a 

major disease threat to Eucalyptus related industry in many parts of the world and 

particularly in Australia where Myrtaceae dominate the majority of ecosystems 

(Coutinho et al. 1998; Glen et al. 2007; Grgurinovic et al. 2006). The pathogen was first 

described in 1884 on common guava (Psidium guajava L.) in Brazil (Winter 1884). It is 

believed to be native to South and Central America (Glen et al. 2007; Morin et al. 2014; 

Simpson et al. 2006) but has spread to Florida (Marlatt and Kimbrough 1979), Hawaii 

(Uchida et al. 2006) and California (Zambino and Nolan 2011) in the USA, and more 

recently to Japan (Kawanishi et al. 2009), Australia (Carnegie et al. 2010), China 

(Zhuang and Wei 2011), South Africa (Roux et al. 2013) and New Caledonia (Giblin 

2013), before being discovered in Indonesia (McTaggart et al. 2016a), Singapore (du 

Plessis et al. 2017) and New Zealand (Cavill 2017). In the Australian incursion, myrtle 

rust was originally identified as Uredo rangelii J.A. Simpson, K. Thomas & C.A. 

Grgurinovic based on the presence of a tonsure on the urediniospores (Carnegie et al. 

2010). U. rangelii was first reported on Myrtus communis L. in Argentina and Syzygium 

jambos L. in Jamaica as a species distinct from U. psidii (Simpson et al. 2006). 

However, following the discovery of the Puccinia-like teliospores in the introduced rust 

in Australia, U. rangelii has later been regarded as a member of the P. psidii sensu lato 

complex belong to the family Pucciniaceae (Carnegie and Lidbetter 2012; Carnegie et 

al. 2010) until recently being redefined as A. psidii with a new genus name in the newly 

circumscribed family Sphaerophragmiaceae (Beenken 2017). To date, there has been 
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only one A. psidii strain reported present in Australia (Carnegie and Lidbetter 2012; 

Sandhu et al. 2016). 

 

A schematic life cycle of A. psidii (reported as P. psidii; Figure 1-3) was proposed by 

Glen et al. (2007), despite aeciospores not having been observed or recognised in nature 

due to their morphological similarity to urediniospores (Figueiredo 2001), and the roles 

of teliospores and basidiospores in the life cycle being controversial (McTaggart et al. 

2017; Morin et al. 2014). A. psidii is generally considered an autoecious rust 

(McTaggart et al. 2016b), with an incomplete lifecycle in myrtaceous hosts (Glen et al. 

2007; Morin et al. 2014) but it has also been suggested that the rust may be heteroecious 

with an unknown aecial host (Simpson et al. 2006). Some authors have referred to A. 

psidii as a hemicyclic rust with loss of spermogonia and aecia stages in its lifecycle 

(Helfer 2014; Petersen 1974) and continuous maintenance of its contemporary 

populations via asexual reproduction (urediniospores) on its primarily myrtaceous hosts 

(Morin et al. 2014). Previous microscopic examination of basidiospore inoculations on 

susceptible Agonis flexuosa (Willd.) Sweet and S. jambos by Morin et al. (2014) 

revealed no spermogonia development or signs of cell penetration on the leaf surface, 

suggesting A. psidii basidiospores have lost their infectious ability. However, more 

recent inoculations showed that basidiospores of A. psidii could cause infection on 

myrtaceous species, and the following analysis using microsatellite markers found that 

the resulting sori were the progeny of recombination in teliospores (McTaggart et al. 

2017). The finding suggests that A. psidii may complete its sexual life cycle on a species 

of Myrtaceae, and rejects the hypothesis that A. psidii is heteroecious with an unknown 

aecial host as the basidiospores are infecting the same hosts on which telia and uredinia 

are formed. The details of the life cycle, spore types and germination conditions, 

infection process and epidemiology, as well as host range and symptomology of A. 

psidii have been thoroughly reviewed by Coutinho et al. (1998) and Glen et al. (2007). 

 

For many years, A. psidii has been considered a significant threat to Australian 

biodiversity and the Eucalyptus forest industry worldwide. The rust has an extremely 

wide host range between genera and species of Myrtaceae which makes it a tree 

pathogen with considerable global importance (Coutinho et al. 1998). A. psidii has the 



Chapter 1                                                                                            Introduction and literature review      

 

10 
 

 

Figure 1-3: Schematic life cycle of Austropuccinia psidii (Glen et al. 2007); 

aeciospores are morphologically similar to urediniospores and their presence is not 

observed or recognised in nature (Figueiredo 2001); while the actual roles of teliospores 

and basidiospores in the life cycle are controversial (McTaggart et al. 2017; Morin et al. 

2014). 
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potential to cause devastating foliar disease and major damage to natural ecosystems 

dominated by Myrtaceae and commercial plantings in many countries around the world 

(Grgurinovic et al. 2006; Simpson et al. 2006), including almost 1 million hectares of 

eucalypt plantations in Australia and over 20 million hectares worldwide (Carnegie 

2015; Naidoo et al. 2014). Since its first detection in April 2010 on the central coast of 

New South Wales (Carnegie et al. 2010), the rust has spread rapidly along the east coast 

of Australia (Figure 1-4) and is now found from temperate regions of Victoria to 

tropical regions of north Queensland (Pegg et al. 2014a). The disease was also reported 

for the first time in January 2015 infecting Eucalyptus plantations which were 

surrounded by native forest stands in New South Wales (Carnegie 2015). 

 

A. psidii infects young and actively growing foliage of myrtaceous plants, as well as 

floral buds and young fruits in some hosts (Glen et al. 2007; Morin et al. 2012). 

Symptoms of infection by A. psidii on different host species range from relatively mild, 

with minor leaf spots or rust sori, to extreme, with severe foliage and stem dieback 

(Pegg et al. 2014b). The infection results in reduced growth, defoliation, malformations 

of the affected organs and death of young trees (Coutinho et al. 1998; Glen et al. 2007). 

A. psidii was reported to achieve successful germination and infection under high 

humidity or leaf wetness and sufficient exposure to darkness (Piza and Ribeiro 1988; 

Silva et al. 2013). Human assisted mechanisms including movement of infected nursery 

plants as well as favourable climatic conditions have both contributed to the rapid 

spread of A. psidii with disease outbreaks in different regions of Australia (Pegg et al. 

2014b). To date, the known impact of myrtle rust on Eucalyptus has remained limited 

with disease reported mainly in young seedlings. There is serious concern regarding the 

potential impact of A. psidii on native forest and commercial Eucalyptus and screening 

for resistant genotype across species under glasshouse and field conditions has been 

ongoing in Australia since the detection of the rust in 2010. 

 

Genetic variation of rust resistance in Eucalyptus 

About 1646 species from 70 genera of Myrtaceae (out of 3600 species from ~155 

genera) are reported native to the Australian continent, the majority in the „eucalypt 

group‟ and „melaleuca group‟ (Zauza et al. 2010). A. psidii is one of the biggest threats 
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Figure 1-4: Distribution of myrtle rust along the east coast of Australia and the time of 

spread (source: Queensland Government, Australia). 
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to natural and planted myrtaceous species with the areas of species origin being the 

most vulnerable to the disease (Coutinho et al. 1998; Lee et al. 2015). In Australia, A. 

psidii was found on 107 host species from 30 genera of Myrtaceae based on the 

observations of natural infection in 2012 (Carnegie and Lidbetter 2012) but the record 

has since rapidly increased to more than 200 species from 37 genera by 2015 (Lee et al. 

2015). This observation has not included approximately 116 host species known only 

from host screening to bring the total known host range in Australia to 346 species from 

56 genera to date (Carnegie and Giblin 2016). Meanwhile, the current global host list 

for A. psidii has been reported to attain 450 species from 73 genera of Myrtaceae based 

on both the observations of natural infection and host screening (Carnegie et al. 2016). 

A range of scoring systems have been developed to categorise visible infection 

symptoms for analysis of disease severity following natural infection or artificial 

inoculation in a glasshouse (Table 1-1 & 1-2; Morin et al. 2011; Sandhu and Park 

2013). The scoring systems are generally based on the evaluation by Junghans et al. 

(2003b) where the inoculated host with lowest rating in severity is considered to be 

completely resistant while the host with the highest rating is extremely susceptible. 

 

The implications of A. psidii incursion are wide-ranging in Australia where myrtaceous 

genera including Eucalyptus, Corymbia, Leptospermum, Melaleuca and Syzygium 

(Wilson et al. 2005) constitute the majority of natural plant communities. Morin et al. 

(2012) reported a broad range of infection symptoms developed in 83 out of 122 taxa of 

Myrtaceae following artificial rust inoculation, with the majority of the taxa within 

Eucalyptus and Corymbia. For instance, no visible symptoms were observed on 

Eucalyptus grandis × camaldulensis hybrids after artificial rust inoculation but a range 

of symptoms were discovered across replicates of E. grandis and E. camaldulensis 

(Carnegie and Lidbetter 2012; Morin et al. 2012; Zauza et al. 2010). Variation in 

resistance to the rust was also found between different accessions of the same species as 

highlighted by Morin et al. (2012) in Lophostemon suaveolens (Sol. ex Gaertn.) Peter G. 

Wilson & J.T. Waterh. where the artificially inoculated accession did not develop any 

rust infection but the infection symptoms were discovered on the field accession, 

reflecting phenotypic and/or genotypic differences between individual plants within the 

same taxon. Furthermore, the commonly cultivated myrtaceous species in Australian 
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Table 1-1: Scoring system used to categorise visible symptoms observed on 3 weeks 

after inoculation of whole plants with myrtle rust (Morin et al. 2011) 

Disease score Symptoms Examples 

1 

 

 

 

No visible symptoms or some discolouration 
or chlorosis present that cannot categorically 
be attributed to the rust. 

                                            a 

2 

 

 

 

Chlorotic, purplish or necrotic spots or 
blotches only. 

                                            b 

3 

 

 

 

Purplish or necrotic flecks, spots or blotches 
with underdeveloped uredinia. Pin size 
uredinia. Limited sporulation. 

                                            c 

4 

 

 

 

Fully-developed, normal size uredinia with or 
without purplish halos that cover less than 
25% of the leaf surface. Abundant sporulation 
and uredinia may be present on stems. 

                                            d 

5 

 

 

 

Fully-developed, normal size uredinia with or 
without purplish halos that cover more than 
25% of the leaf surface. Abundant sporulation 
and uredinia may be present on stems. 

                                            e 

a = Eucalyptus agglomerate 
b = Lophostemon suaveolens 
c = Eucalyptus regnans 
d = Eucalyptus pelita 
e = Syzygium jambos 
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Table 1-2: Greenhouse scale developed for scoring host response against 

Austropuccinia psidii (Sandhu and Park 2013) 

Infection Type Scale Host Response 

No visible sign of infection 0 Highly resistant (HR) 

Mild hypersensitivity/flecks/dark flecks/necrosis ;/;+/N/1 Resistant (R) 

Restricted pustule/dark gray 
surrounding/chlorosis/necrosis 

1+ to 
2+/CN 

Moderately Resistant 
(MR) 

Small to medium sized pustules low in frequency 
and may be with some chlorosis present 

3 to 3C Moderately 
Susceptible (MS) 

Fully developed pustules on leaves and 
medium to high in frequency 

3+ Susceptible (S) 

Abundance of fully developed pustules on leaves, 
twigs and buds 

4 Very susceptible (VS) 

; = Light brown flecking 
;+ = Dark & bigger sized flecks 
N = Necrosis 
C = Chlorosis 
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nurseries and gardens including A. flexuosa, S. jambos, Gossia inophloia (J.F. Bailey & 

C.T. White) N. Snow & Guymer and Syzygium anisatum (Vickery) Craven & Biffin 

were reported to be severely affected by A. psidii in the field (Carnegie and Cooper 

2011; Carnegie and Lidbetter 2012). 

 

Existing literature reports great variation in the susceptibility to A. psidii infection not 

only between different Eucalyptus species but also between provenances within species 

and between families of the same provenance (Carnegie and Lidbetter 2012; Lee et al. 

2015; Morin et al. 2012; Zauza et al. 2010). Zauza et al. (2010) indicated that between 

Eucalyptus tested, E. cloeziana, E. grandis, E. regnans and Eucalyptus diversicolor F. 

Muell ranked as the most susceptible to A. psidii with frequency of resistant plants < 

50% regardless of their provenance. Large differences in rust resistance between 

provenances within species were also detected in their observation where E. regnans 

collected from Victoria showed only 7% of resistant samples as compared to 86% of 

resistant in samples collected from Tasmania. E. globulus collected from the above 

provenances also exhibited significant differences with 65% of rust resistant samples 

observed in Victoria as compared to 75% in Tasmanian samples. This variation in 

resistance between geographic races might be due to genetic drift, hybridisation and/or 

selection as part of the evolutionary process over generations (Hamilton et al. 2013). 

 

Until now, little is known about the quantitative variation and genotype by environment 

interaction (G × E) of the rust resistance in Eucalyptus species as the hosts have 

unknown evolutionary connections with the pathogen (Tobias et al. 2016). Miranda et 

al. (2013) have investigated genetic parameters viz. genetic variation, heritability and G 

× E interaction for rust resistance in an open-pollinated progeny trial of E. grandis. 

Their results demonstrated that the expression of resistance variation in E. grandis is 

different between studied sites and subsequently indicated the differences in pathogenic 

behaviour of the A. psidii populations in different areas. On the other hand, Silva et al. 

(2013) reported the stable behaviour of open-pollinated families of E. grandis to rust 

susceptibility with simple G × E interaction where eight of the 20 progenies showed the 

best rust tolerance across the nine different sites in São Paulo State. The contradiction 

between these studies may explain the complexity of the Eucalyptus – rust pathosystem 
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in response to abiotic variables e.g. local and regional variations in climate (Carnegie et 

al. 2016; Helfer 2014), while low G × E interaction and high genetic correlation 

between different sites by Silva et al. (2013) may suggest good stability of the E. 

grandis progenies and the conceivable selection for resistance between the studied sites. 

Moreover, recent work by Lee et al. (2015) reporting A. psidii resistance in E. cloeziana 

indicated that inland provenances were more resistant to rust infection as compared to 

coastal provenances in Queensland. The high heritability of rust resistance in E. 

cloeziana has also suggested the significant level of additive genetic variance within 

their studied provenances. 

 

Higher variations in micro-environmental conditions such as climate, temperature and 

humidity reduce the heritability of rust resistance in Eucalyptus whereas more uniform 

environmental conditions increase the heritability as evident in progeny trials of several 

species (Balmelli et al. 2014; Miranda et al. 2013; Pinto et al. 2014; Santos et al. 2014), 

indicating the influence of environmental factors on rust resistance trait expression in 

Eucalyptus. There are many factors required for the disease to be expressed in the field, 

including the presence of actively-growing young shoots, conducive climatic conditions 

and availability of inoculum (Morin et al. 2012). Native populations with highly 

susceptible species in the areas of greatest climatic potential for rust epidemics, 

particularly coastal areas of New South Wales, Queensland and the Northern Territory 

in Australia are projected to be vulnerable to infection if the pathogen is introduced 

(Booth et al. 2000; Glen et al. 2007). Up to the present, the natural variation and 

underlying mechanism of A. psidii resistance in Eucalyptus species and populations 

remain unclear with limited reports on the natural patterns of resistance variation in the 

species. 

 

Major gene and minor quantitative loci for myrtle rust resistance 

Investigation into the genetic basis of rust resistance in Eucalyptus was initiated over a 

decade ago with preliminary identification of a major gene, Ppr1 (P. psidii resistance 

gene 1), associated with A. psidii resistance in E. grandis (Junghans et al. 2003a). The 

mode of resistance inheritance in the E. grandis – A. psidii pathosystem was initially 

proposed to be regulated by one major, dominant gene in the relationship of gene-for-
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gene interaction (Flor 1971), although the hypothesis has been challenged by the co-

evolution paradigm (Jones and Dangl 2006) as both Eucalyptus and A. psidii are from 

different centers of origin and the resistance gene did not co-evolve with the pathogen 

(Potts et al. 2016; Tobias et al. 2016). The major Ppr1 locus was subsequently 

positioned on linkage group 3 of the Eucalyptus microsatellite reference map and the 

position has been validated in genetically unrelated pedigrees of hybrids between E. 

grandis resistant trees and E. tereticornis and E. camaldulensis (Mamani et al. 2010). 

The segregation of the dominant allele in variable genetic background families as 

observed by Mamani et al. (2010) has further suggested that large proportion of rust 

resistance variation in E. grandis to be controlled by a single major Ppr1 gene. 

 

Plant resistance (R) genes are a crucial component in plant genomes that confer disease 

resistance against pathogens by producing R proteins. Several classes of R genes have 

been studied and characterised with a majority containing a nucleotide-binding site and 

leucine-rich repeat domains (Dodds and Rathjen 2010; Gururani et al. 2012; Hammond-

Kosack and Jones 1997). R protein-triggered resistance is normally a race-specific 

defense response in plants which is effective against the pathogen strains producing the 

avirulence (Avr) effector protein recognised by that R protein (Gururani et al. 2012). 

This effector-triggered immunity response is frequently associated with an oxidative 

burst and hypersensitive response or programmed cell death (Naidoo et al. 2014). Many 

of the rust resistant Eucalyptus identified from host screening were discovered to 

exhibit a hypersensitive reaction manifested by rapid death of the invaded cells and 

necrosis of the adjacent cells in some cases (Alves et al. 2012; Moon et al. 2007; Xavier 

et al. 2001). As reported by Yamamoto (1995), the hypersensitive response involved in 

pathogen resistance may be controlled by the combined effect of multiple dominant 

genes. 

  

According to the described pattern of major gene inheritance in Eucalyptus, minor 

changes of the pathogen in their genetic structure may result in the defeat of the 

resistance mechanism. As reported in Brazil, an earlier classified resistant clone of E. 

grandis hybrid harboring the Ppr1 gene was found infected by a newly discovered A. 

psidii race in their later cultivation stage (Graça et al. 2011). Physiological 
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specialisation of A. psidii has been examined by Coelho et al. (2001) under cross-

inoculation on E. grandis, P. guajava and S. jambos where three biotypes were detected 

based on their pathogenicity and host compatibility as follows: the first compatible with 

E. grandis and S. jambos; the second with E. grandis and P. guajava; and the third only 

with P. guajava. Glen et al. (2007) have also reviewed and described several strains or 

biotypes of A. psidii, each with different host range and sporulation proficiency, e.g. 

two strains in Jamaica infected Pimento spp. and Syzygium spp., respectively, but 

neither strain infected P. guajava (MacLachlan 1938); and strains from Melaleuca 

quinquenervia (Cav.) S.T. Blake and Pimenta dioica (L.) Merr. in Florida did not infect 

S. jambos (Rayachhetry et al. 2001). Furthermore, a unique strain of A. psidii, different 

to other pandemic strains which has spread to Pacific countries such as Australia, 

Hawaii and Indonesia, has been detected in South Africa with broad distribution yet an 

unknown source of introduction (Roux et al. 2016). 

 

Although it was reported until recently that there is only one of the numerous A. psidii 

biotypes present in Australia (Carnegie and Lidbetter 2012; Sandhu et al. 2016), the 

capability of long distance dispersal of rust urediniospores across a wide geographic 

range may contribute to the forming of large effective populations of pathogen, and 

subsequently result in their high genetic variability and evolutionary potential (Brown 

and Hovmøller 2002; Graça et al. 2011; Wingen et al. 2013), as apparently occurred 

with the disease outbreak or worldwide distribution of wheat rusts viz. Puccinia 

striiformis Westend. (stripe or yellow rust; Hovmøller et al. 2011; Hovmøller et al. 

2010; Hovmøller et al. 2008) and Puccinia graminis Pers. (stem or black rust; Singh et 

al. 2011; Singh et al. 2008). Under these circumstances, the resistant Eucalyptus 

genotype tested against a single A. psidii biotype may not be vigorous to the challenges 

of other biotypes of the pathogen (Glen et al. 2007). 

 

Despite major gene resistance to A. psidii being supported by a preliminary study 

(Junghans et al. 2003a), more recent analyses of inter-specific Eucalyptus hybrids have 

discovered different segregation patterns of rust resistance in Eucalyptus – A. psidii 

interaction, suggesting the pathosystem involves multiple quantitative resistance loci 

(Alfenas et al. 2012). Phenotypic variation as observed by Alves et al. (2012) in rust 
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resistance has pointed to the existence of minor effect loci within each of the different 

phenotypic classes where the resistant plants were classified into S0 (immune), S0HR 

(hypersensitive reaction) and S1 (small pustules) while the susceptible plants were 

classified into S2 (medium-size pustules) and S3 (large pustules). Although most of the 

hypersensitive reactions found were associated with a single or multiple dominant 

genes, the presence of recessive genes controlling hypersensitive reactions has been 

reported in other pathosystems (Saini et al. 2002; Wang et al. 1994). Junghans et al. 

(2003a) have suggested that the expression of the major rust resistance gene in 

Eucalyptus is largely dependent on the genetic background such as the presence of 

suppressor or modifier genes as secondary effects to the resistance gene. Besides, both 

additive and non-additive (epistasis) genetic variations were reported as equally 

important to the contribution of rust resistance in Eucalyptus (Alfenas et al. 2012). As 

proposed by Alves et al. (2012), the effects of epistatically interacting secondary loci 

may have the similar contribution to the genetic rust resistance in Eucalyptus as the 

effect of favourable allele on the Ppr1 locus. More recently, four major additive effect 

loci, two influencing symptomatic responses i.e. whether a plant exhibited disease 

symptoms (Ppr2 and Ppr3), and two influencing hypersensitive reactions (Ppr4 and 

Ppr5), were identified in E. globulus in response to A. psidii (Butler et al. 2016). The 

loci were then located on four different linkage groups of the E. globulus linkage map 

(Hudson et al. 2012), i.e. linkage groups 3 and 7 for Ppr2 and Ppr3, and linkage groups 

6 and 9 for Ppr4 and Ppr5, respectively, without overlapping the previously identified 

major Pp1 locus. 

 

In order to understand the resistance mechanisms underlying the Eucalyptus – A. psidii 

pathosystem, Moon et al. (2007) constructed two contrasting SAGE (Serial Analysis of 

Gene Expression) libraries for rust susceptible and resistant populations of E. grandis 

and observed their distinct differences by comparing the type of genes and their 

expression levels. Their study has identified 471 differentially expressed genes (unique 

tags) between susceptible and resistant libraries with 239 preferentially expressed in the 

susceptible and 232 in the resistant. Susceptible plants showed gene expression linked 

to generalised stress responses and detoxification without inducing competent host 

defense response to rust infection. Conversely, resistant plants demonstrated up-
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regulation of genes contributing to two resistant phenotypes: 1. Cellular polarisation 

with massive cytoskeleton rearrangement, cytoplasm and nucleus translocation, and 

strengthening of cell wall against fungal penetration. 2. Anti-pathogen mechanisms 

including systemic resistance, antioxidative and hypersensitive responses. While most 

of the recent genetic studies have not contradicted the report by Junghans et al. (2003a) 

on the presence of major gene (Ppr1) resistance to A. psidii in Eucalyptus, they also 

collectively support phenotypic variability for rust resistance in Eucalyptus being 

determined by multiple interacting loci of small effects (Alfenas et al. 2012; Alves et al. 

2012; Butler et al. 2016; Naidoo et al. 2014; Thumma et al. 2013). Detailed association 

analyses highlighted a large family of nucleotide-binding leucine-rich repeat (NB-LRR) 

genes in the vicinity of Ppr1 locus and few were significantly associated with rust 

resistance variation in E. grandis (Thumma et al. 2013). 

 

Potential genetic markers and the Eucalyptus reference genome 

Despite their worldwide commercial importance, little effort has been dedicated to 

investigate Eucalyptus species at their molecular level for genetic improvement as 

relative to research in agricultural crops. The earliest molecular studies in these forest 

species are supposed to begin in 1990s with phylogenetic analysis of chloroplast DNA 

by using restriction fragment length polymorphism (RFLP) in six Eucalyptus species 

(Steane et al. 1991), development and screening of RFLP probe libraries for E. grandis 

and E. urophylla (Wolff et al. 1993), molecular cloning of genes encoding lignin 

biosynthesis enzyme in Eucalyptus gunnii Hook.f. (Grima-Pettenati et al. 1993), and 

construction of genetic linkage maps for E. grandis and E. urophylla using random 

amplified polymorphic DNA (RAPD) markers and pseudo-test cross configuration 

(Grattapaglia and Sederoff 1994). The comparatively small genome of Eucalyptus 

species and other characteristics such as ease of vegetative propagation and tissue 

culture, and availability of stable transformation and transient expression methods have 

contributed to the attractiveness of Eucalyptus species as candidate model systems for 

woody plant molecular genetics (Chauhan et al. 2014; de Oliveira et al. 2017; 

Girijashankar 2011; Grattapaglia and Bradshaw Jr. 1994; Le Roux and Van Staden 

1991). 
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Grattapaglia et al. (2012) have reviewed the development and applications of various 

types of DNA markers including RFLP, RAPD, amplified fragment length 

polymorphism (AFLP), simple sequence repeat (SSR), inter simple sequence repeat 

(ISSR), diversity arrays technology (DArT), single nucleotide polymorphism (SNP), 

chloroplast DNA (cpDNA) and mitochondrial DNA (mtDNA) markers in Eucalyptus 

and other myrtaceous genera. Between the reported DNA markers, microsatellites or 

SSRs are the most broadly used markers in Eucalyptus for various molecular 

applications including species identification or germplasm characterisation, phylogeny 

and phylogeography, genetic and functional diversity studies, quantitative trait loci 

(QTL) identification, and ecological and breeding strategies (Brondani et al. 1998; 

Brondani et al. 2006; Faria et al. 2011; Grattapaglia et al. 2012; He et al. 2012; Ottewell 

et al. 2005; Sumathi and Yasodha 2014; Zhou et al. 2014). In an earlier study, Byrne et 

al. (1996) identified four nuclear microsatellite loci from E. nitens and confirmed that 

they were amplifiable and polymorphic in several other species in the same genus, 

indicating the potential transferability of microsatellites between Eucalyptus species. 

Brondani et al. (1998) revealed the abundance of SSRs in Eucalyptus genome and high 

information content of these markers for individual identification via genetic 

characterisation and linkage mapping of twenty microsatellite loci in E. grandis and E. 

urophylla. Bundock et al. (2000) have later incorporated microsatellite markers 

originated from E. grandis / E. urophylla into the RAPD genomic maps of E. globulus 

for the identification of homologous linkage groups between these species. Moreover, 

numerous sets of novel microsatellites have been developed from the existing 

Eucalyptus expressed sequence tag (EST) resources to provide an increasingly larger set 

of interspecific markers and consensus mapping information for potential genomics and 

breeding applications across variable genetic backgrounds in the genus (Brondani et al. 

2006; He et al. 2012; Zhou et al. 2014). The characteristics of microsatellites such as 

universal distribution in genome, high mutation rate, heterozygousity, locus specificity, 

co-dominance, multi allelism, association with gene expression and transferability 

across species have enabled the construction of high-resolution genetic maps for 

Eucalyptus and other plant species linking between their phenotypic and genotypic 

variation (Grattapaglia et al. 2015; Sumathi and Yasodha 2014). 
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In contrast to microsatellites, SNP markers are typically bi-allelic (although tri-allele 

SNPs are also known) with limited polymorphisms per marker (Rafalski 2002; Telfer et 

al. 2015; Thavamanikumar et al. 2011). Unlike microsatellites or other DNA markers 

i.e. RFLPs and AFLPs, SNPs have relatively low mutation rates and their bi-allelic 

quality (having two alleles as opposed to all possible forms of four nucleotides) has 

simplified the interpretation of marker variation and facilitated high-throughput 

genotyping (Brumfield et al. 2003; Thavamanikumar et al. 2011). While multiple 

mutations at a single site are very unlikely, observed variation in SNP frequency may be 

due to a combination of selection, random genetic drift and/or variation in mutation 

rates (Novaes et al. 2008; Thavamanikumar et al. 2011). SNPs also occur in high 

density and represent a useful resource for genetic association mapping linking 

candidate gene-associated SNPs to variation in complex phenotypic traits 

(Thavamanikumar et al. 2013). A set of SNPs linked to the lignin biosynthesis genes in 

E. globulus, cinnamoyl CoA reductase (CCR) and cinnamyl alcohol dehydrogenase 2 

(CAD2), indicated polymorphism caused by missense mutation affecting highly 

conserved amino acids may alter enzyme function and therefore cause variation in 

lignin profiles (Poke et al. 2003).  

 

Notwithstanding the frequency and position of polymorphisms, and the presence of 

haplotypes and linkage disequilibrium (LD) are some of the factors influencing SNPs 

selection for genotyping (Tabor et al. 2002), SNPs generated by non-synonymous 

substitution in coding regions (Nei 2005) are generally targeted for association studies 

as they are more likely to impact the phenotypes than synonymous substitution which 

do not change the amino acid sequence (Thavamanikumar et al. 2013). Thumma et al. 

(2012) have identified not only candidate genes but also functional SNPs involved in 

differential expression in E. camaldulensis seedlings subjected to different water stress 

treatments via transcriptome sequencing. Nine stable marker-trait associations have 

been reported arising from seven SNPs in six candidate genes controlling a series of 

wood quality and growth traits in E. globulus (Thavamanikumar et al. 2014). SNP 

markers were reported to be prominently superior to microsatellite markers in data 

accuracy, reproducibility and robustness (Telfer et al. 2015), and a preferable choice of 

marker system nowadays due to their abundance and high level of polymorphism, 
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especially for species with large genome size and low microsatellite diversity (Kadirvel 

et al. 2015; Unterseer et al. 2014). Nevertheless, the comparative genotyping cost per 

sample has restricted the widespread use of whole-genome level SNP assays in non-

model species but limited complex trait dissection to the candidate gene approach 

(Thavamanikumar et al. 2014). 

 

In the efforts of genomic research for sustainable improvement of Eucalyptus species, a 

large number of Eucalyptus ESTs has been identified and deposited in the private and 

semi-private international databases as a resource for various genetic analyses including 

discovery of informative polymorphisms and development of molecular markers in 

genetic linkage mapping projects (Hirakawa et al. 2011). Following the release of the 

whole genome sequence of black cottonwood tree, Populus trichocarpa Torr. & A. 

Gray ex. Hook. (Tuskan et al. 2006), whole genome sequencing for E. camaldulensis 

and E. grandis have been completed and released by the Kazusa DNA Research 

Institute in Japan and the US Department of Energy Joint Genome Institute (DOE-JGI) 

in collaboration with members of the Eucalyptus Genome Network (EUCAGEN) 

respectively (Hirakawa et al. 2011; Myburg et al. 2014). The Eucalyptus genome 

sequence is the first reference genome in the Rosid order Myrtales, an important sister 

lineage to the Eurosids, and has permitted not only basic and applied biological research 

in Myrtaceae but also comparative genomic studies within the Rosids and the Eudicots 

(Grattapaglia et al. 2012). Based on the availability of this high quality reference 

genome, an integrative framework involving large scale genotypic and phenotypic data 

sets will be conceivable to dissect the complex associations between individual genomic 

and the observed phenotypic variation in Eucalyptus (Myburg et al. 2014). 

 

Implication of molecular approaches in disease management 

Interactions of forest disturbances such as climate change and outbreaks of pathogens 

have caused progressive impacts on the growth, geographic distribution and 

sustainability of forest tree species in their natural ecosystems (Helfer 2014; Sturrock et 

al. 2011). The effects of this new disease – myrtle rust on naïve hosts in native 

Eucalyptus forest are far more unpredictable than they would be on hosts that have had 

a long association with the pathogen (Tobias et al. 2016). Most recent genetic studies 
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have strongly indicated that disease resistance is a complex trait controlled by the 

combined effects of a number of major and minor genes (Alfenas et al. 2012; Alves et 

al. 2012; Santos et al. 2014). However, present molecular studies of resistance loci 

provide little information on the ecological patterns of functional variation (de Meaux 

and Mitchell-Olds 2003) as the geographic heterogeneity may cause unique 

evolutionary dynamics at different locations (Thompson 1999). Gene flow, genetic drift 

and various forms of natural selection have been reported to influence the evolution of 

plant host-pathogen interactions and resultant patterns of resistance variation (Burdon 

and Thrall 1999; Nuismer et al. 1999; Potts et al. 2016). Therefore, simultaneous 

analysis of molecular variation at both neutral and ecologically important, viz. defense-

related loci, is recommended for elucidating the causes of selection and observed 

patterns of resistance diversity in Eucalyptus species (de Meaux and Mitchell-Olds 

2003; Steane et al. 2006). 

 

Deciphering the genetic architecture of ecologically important traits including 

quantitative disease resistance is crucial for forest tree improvement and management 

(Plomion et al. 2016). Tree pathologists and forest managers should explore the genetic 

and molecular basis of quantitative resistance for durable disease management in their 

forests. Previous deployment of a single resistance marker (AT9/917) based on Ppr1 in 

E. grandis breeding programs for plantation areas prone to A. psidii (Labate et al. 2009) 

has failed following the infection of trees or resistant clones carrying the favourable 

alleles at that locus by a new rust strain (Graça et al. 2011). In view of the detrimental 

effect of myrtle rust on Eucalyptus wood production and tree population sustainability, 

genetic dissection for identification of genome-wide molecular disease resistance 

markers has become an urgent need to mitigate the risk posed by A. psidii on 

Eucalyptus related industries. Since the host and pathogen had no recent evolutionary 

connections, further understanding of the pre-adaptive evolution, i.e. evolution of novel 

adaptive traits or the presence of pre-adaptive mechanisms to other evolutionary 

selection pressure (Lee 2002; Tobias et al. 2016), in rust resistance and the causes of 

allele maintenance in nature will be of advantage for sustainable disease management in 

Eucalyptus forests. 
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The coupling of the Eucalyptus reference genome and expression QTL (e-QTL) 

mapping approach has warranted gene-level investigations of rust resistance (Alves et 

al. 2012; Mamani et al. 2010; Thumma et al. 2013), including searching for specific R 

genes and development of allele-specific SNP based assays for marker assisted selection 

(MAS). The relatively small genome size of Eucalyptus (Grattapaglia and Bradshaw Jr. 

1994; Grattapaglia et al. 2012) and continuous cost reduction of next generation 

sequencing (NGS) have enabled genome wide association studies (GWAS) for 

identifying molecular markers associated with numerous complex traits including 

quantitative disease resistance across the entire genome of Eucalyptus (Plomion et al. 

2016; Thavamanikumar et al. 2013). A genomic selection (GS) approach has been 

recently proposed to exploit the effects of high density markers (large numbers of 

random markers or small numbers of associated markers) for prediction of an 

individual‟s phenotype based on its genotype (Grattapaglia and Resende 2011; Resende 

et al. 2012a; Thavamanikumar et al. 2013). Resende et al. (2012a) have demonstrated 

accuracies of GS between 0.55 and 0.88 for pulp yield, wood quality and growth traits 

in Eucalyptus based on more than 3000 DArT markers. 

 

Despite high accuracies, predictions of genomic breeding values for complex traits 

across different studied sites and/or populations with GS models have been limited by 

variation in LD between populations and significant G × E interaction 

(Thavamanikumar et al. 2013). One of the major requirements for effective application 

of GS in forest tree management is the development of small effective populations with 

high LD (Grattapaglia and Resende 2011). However, most forest tree populations with 

large numbers of open pollinated families have low LD and consequently low accuracy 

of GS prediction models. In order to improve the application, Thavamanikumar et al. 

(2013) have suggested the use of stable markers (with similar allelic effects across 

different populations) from association studies to develop the prediction models in low 

LD populations. The proposed models based on a modest number of markers i.e. 90 

SNPs were then able to result in 0.20 to 0.47 accuracies in prediction of several wood 

quality traits in different populations of E. nitens, and the predictive abilities were 

similar to those reported for wood quality traits in a highly structured and high LD 
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population of loblolly pine (Resende et al. 2012b), as well as pulp yield and other 

growth traits in Eucalyptus hybrids (Resende et al. 2012a). 

 

With the advent of high throughput technologies and efficient genomic approaches, 

accumulation of genomic resources including reference genomes and epigenome 

sequences will provide insights into the unique biology, evolutionary history and 

adaptive divergence of Eucalyptus species (Myburg et al. 2014; Plomion et al. 2016). 

Identification of additive and non-additive and epistasis genetic variation in the 

determination of rust resistance and other traits of interest would allow substantial 

genetic effects to be captured for successful genotype selection (Alves et al. 2012; 

Resende et al. 2017a). Fundamental studies in comparative genome evolution and 

population genomics based on environmental association analysis in Eucalyptus may 

enable discovery of correlations between environmental variables and potentially useful 

sequence variants at the genome-wide level across a wide range of populations 

(Grattapaglia et al. 2012), as recently reported in widespread Eucalyptus species 

spanning strong environmental gradients for adaptation to aridity i.e. rainfall and 

temperature (Steane et al. 2017). Moreover, advances in genomic technologies coupled 

with new bioinformatics tools would permit the improvement of current SNP discovery, 

genotyping and sequencing methods, and subsequently help to reveal the roles of 

molecular players in their underlying mechanisms of complex developmental processes, 

natural adaptations and responses to external disturbances including pathogen invasion 

in Eucalyptus species (Grattapaglia and Kirst 2008; Plomion et al. 2016). 

 

Thesis structure and aims 

The present study aims to analyse the quantitative and molecular genetic basis of A. 

psidii rust resistance in natural populations of E. globulus ssp. globulus and E. obliqua, 

and to investigate the pathogen infection process and host defense mechanisms 

underlying the Eucalyptus – A. psidii pathosystem. Australian Eucalyptus spp. are a 

major source of forest products in many countries around the world and of major 

economic significance. E. globulus is the most important Eucalyptus species in 

Australian plantations while E. obliqua is ecologically and commercially important in 

native forests across a wide region of south-eastern Australia. These species represent 



Chapter 1                                                                                            Introduction and literature review      

 

28 
 

the two largest and most important subgenera of Eucalyptus viz. Symphyomyrtus and 

Eucalyptus, respectively, for potentially wider application of common findings across 

the genus. 

 

With its detrimental impact to a huge number of myrtaceous hosts, myrtle rust is a 

major threat to Eucalyptus dependent industry worldwide and to Australia with its 

ecosystems dominated by Myrtaceae. Globally more than 400 myrtaceous species 

including members of Eucalyptus have been reported susceptible to A. psidii to date, 

with a range of symptoms from relatively mild infection to severe defoliation and death 

of young trees. The increasing numbers of known susceptible hosts has prioritised 

research investment to minimise the damaging effects of this pathogen in native 

ecosystems and Eucalyptus plantations. As Australian Eucalyptus species have evolved 

in the absence of the myrtle rust pathogen questions that arise include: “what is the 

underlying mechanism of resistance to this disease?” and “how has variation in 

resistance evolved in the absence of the pathogen?” This thesis aims to answer these 

questions by identifying some of the underlying molecular mechanisms associated with 

rust resistance in both E. globulus ssp. globulus and E. obliqua using phenotypic and 

molecular analyses. Emerging applications of high throughput technologies and 

efficient genomic approaches including SNP discovery and genotyping via next 

generation sequencing have been suggested to decipher the resistance mechanisms 

underlying Eucalyptus – A. psidii pathosystem and pre-adaptive evolution in rust 

resistance. 

 

The specific aims of this study are: 

1. to examine the genetic variation of A. psidii rust susceptibility in geographic 

races (and sub-races) of E. globulus ssp. globulus and regional populations of E. 

obliqua for understanding of pathosystems involving native Eucalyptus species 

and A. psidii, and prediction of the main evolutionary forces which have shaped 

the observed patterns of resistance variation (Chapter 2); 

2. to elucidate the infection process of A. psidii on Eucalyptus leaves, and identify 

stages at which pathogen invasion is stopped or constrained in resistant 

phenotypes in order to understand modes of defense responses (Chapter 3); 
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3. to compare the chemical composition of foliar essential oils in Eucalyptus 

between rust resistant and susceptible phenotypes, and investigate the 

relationship between phytochemical properties in Eucalyptus foliage and rust 

resistance (Chapter 4); 

4. to dissect the complex resistance trait in E. obliqua for exploration of potential 

genetic markers correlated with rust resistance phenotypes, and to compare the 

genome-wide resistance QTL generated from E. obliqua with the A. psidii 

resistance markers reported from Symphyomyrtus species i.e. E. globulus and E. 

grandis (Chapter 5). 

 

Each chapter has been written in the format of a journal article or article in 

development; hence repetition of backgrounds, concepts and ideas in between chapters 

is unavoidable. Chapter 1 presents the general introduction and background of the study 

including thesis structure and overall aim. Chapters 2 to 5 are experimental chapters 

addressing the specific aims and respective methodology involved in the study. Chapter 

6 summarises the key findings of the thesis and their potential implications in 

Eucalyptus forest industries. Advanced knowledge generated from the study will be of 

valuable in development of durable rust resistance and sustainable disease management 

in Eucalyptus forests. The outcome of this study will benefit managers of native and 

plantation forests and should enable the selection of resistant candidates. The study will 

also aim to shed light on the evolution of pre-adaptive resistance in plants. 
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Chapter 2 

 

Geographical patterns of variation in susceptibility of Eucalyptus globulus 

Labill. ssp. globulus and Eucalyptus obliqua L‟Hér. to myrtle rust disease 

 

Abstract 

Myrtle rust, caused by the pathogen Austropuccinia psidii Beenken, is a worldwide 

disease threat to Myrtaceae plant species, communities. Many Australian ecosystems 

have a dominant flora that is Myrtaceae rich and these, along with the industries that 

rely on them are particularly vulnerable to this disease. Eucalyptus is a major genus 

within Myrtaceae in Australia with over 800 endemic species. The existing literature 

reports wide variation in response to A. psidii infection between Eucalyptus species, 

from full susceptibility to resistance. This study aims to define the geographical patterns 

of rust susceptibility variation across the natural ranges of Eucalyptus globulus Labill. 

and Eucalyptus obliqua L‟Hér., two commercially and ecologically important species 

from different Eucalyptus subgenera. Rust phenotypic screening of seedlings of E. 

globulus races and E. obliqua forest districts revealed highly significant differences in 

disease severity and symptomatic trait expression between the two species in response 

to A. psidii infection. Geographical patterns of rust susceptibility in E. globulus 

indicated a trend for decreased susceptibility and increased hypersensitivity to A. psidii 

northward from south- to north-eastern Tasmania, eastward along Otway Ranges and 

southward from Strzelecki Ranges to Wilson Promontory Lighthouse, but no distinct 

geographical patterns were displayed between provenances of E. obliqua. Furthermore, 

few significant correlations were obtained between climatic conditions (e.g. annual 

rainfall, maximum and minimum temperatures and elevation) and rust susceptibility at 

the provenance level for both species. The outcomes of this study will enhance our 

understanding of the Eucalyptus – A. psidii pathosystem and the potential drivers of rust 

resistance in Eucalyptus. 
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Introduction 

Most forest tree species demonstrate geographical patterns of genetic variation in 

ecologically important traits as a result of exposure to numerous evolutionary forces viz. 

genetic drift, hybridisation and local selection across their distributional range (Hamrick 

2004). Understanding spatially structured genetic variation can provide insights into the 

evolutionary histories of forest tree and the role of ecological factors in shaping the 

current patterns of geographic variation (Shepherd et al. 2010). In Australia, most native 

forests are dominated by Eucalyptus species ranging from small shrubs to tall trees, 

occupying broad range of climatic and ecological niches across the country (Booth et al. 

2015). Assessment of the pattern of adaptive variation within a Eucalyptus species‟ 

range is important in conserving the locally adaptive genotypes and contributing 

subsequently to the effective ecological restoration (O'Brien et al. 2007) and disease 

management (Potts et al. 2016). 

 

Eucalyptus is the largest genus of the eucalypt group containing ten subgenera (Bayly 

2016) with Symphyomyrtus and Eucalyptus (previously informal Monocalyptus; Pryor 

and Johnson 1971) being the two major subgenera consist of about 450 and 110 species 

respectively (Boland et al. 2006). Eucalyptus globulus Labill. from subgenus 

Symphyomyrtus and Eucalyptus obliqua L‟Hér. from subgenus Eucalyptus (Brooker 

2000) are two commercially and ecologically important species with natural ranges in 

south-eastern Australia from southern New South Wales to southern Tasmania, and 

extension of E. obliqua northward to northern New South Wales and westward to 

Kangaroo Island, South Australia (Eldridge et al. 1993). E. globulus is internationally 

one of the most widely cultivated tree species, mainly for pulpwood production 

(Larcombe et al. 2016) and analysis of morphological variation across its native range 

has clustered the species into four geographical-morphological subspecies viz. globulus, 

bicostata, maidenii and pseudoglobulus (Kirkpatrick 1974). While E. obliqua is also an 

important timber species it is widespread and ecologically important being found as a 

major floristic component of most wet sclerophyll forest systems (Moore 2015; Neyland 

et al. 2009). The occurrence of different ecotypic populations in the species and the 

pattern of genetic diversity in their native range are little studied (Bloomfield et al. 

2011). 
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E. globulus ssp. globulus is the most economically important of the E. globulus species 

complex, being the main species planted internationally. Even within this subspecies 

there is considerable variation with three main geographic groups recognised by Potts 

and Jordan (1994b): (1) continuous coastal areas in eastern Tasmania; (2) Bass Strait 

islands integrated with mainland; and (3) isolated regions in western Tasmania. 

Subdivisions of a species (or subspecies) with genetically similar individuals occupying 

a particular provenance are classified as geographic races (Zobel and Talbert 1984). For 

E. globulus ssp. globulus a geographical race classifications have been proposed based 

on numerous phenotypic traits including growth (Jordan et al. 1994; Potts and Jordan 

1994b), fungal resistance (Carnegie et al. 1994), and extreme environmental resistance, 

e.g. frost (Almeida et al. 1995; Zang et al. 1995) and drought (Dutkowski 1995). Based 

on the geographic consistency and similarities in growth response Jordan et al. (1994) 

identified 12 geographic races of E. globulus ssp. globulus. This classification was 

revised by Dutkowski and Potts (1999) based on a wider variety of traits including bark 

thickness, wood basic density via pilodyn penetration, survival and flowering precocity 

in field trials. This revised classification relied less on geographic discontinuities in the 

distribution than on demonstrated genetic similarity in field trials and is proposed to 

better distinguish sub-races with races. Overall it distinguishes 13 races and 20 sub-

races and is now the basis of race and sub-race classification used in breeding within 

Australia. 

 

Spatial distribution of genetic variation as a response to natural selection and 

environmental change has almost always been found in different populations of 

Eucalyptus species with most of the economically important traits vary geographically 

within species. Previous reports indicate significant variation in growth parameters such 

as height and volume between provenances of E. obliqua (Brown et al. 1976; Green 

1971). Kirkpatrick (1976) also discovered geographic variation in seedling morphology 

and characteristics of reproductive organs (fruit and seed) between disjunct populations 

of E. glaucescens Maiden et Blakely. Different rainfall populations of E. viminalis 

Labill. were found significant different in drought tolerance (Ladiges 1974). Survival, 

growth and stem diameter traits were also reported to be significant different between 
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provenances of E. camaldulensis Dehnh. (Bush et al. 2013; Mahmood et al. 2003) and 

E. marginata Donn ex Smith (O'Brien et al. 2007). Moreover, analysis of foliar defense 

chemical in both E. melliodora A. Cunn. ex Schauer and E. tricarpa (L.A.S. Johnson) 

L.A.S. Johnson & K.D. Hill revealed fine-scale spatial correlation of plant secondary 

metabolites and biochemical diversity in Eucalyptus species (Andrew et al. 2007a; 

Andrew et al. 2010). 

 

Molecular analyses have also been used to investigate the geographical structure of 

Eucalyptus species in native populations, as described in E. globulus ssp. globulus 

(Jones et al. 2002; Steane et al. 2006), E. obliqua (Bloomfield et al. 2011), E. 

camaldulensis (Dillon et al. 2015) and E. cladocalyx F. Muell (Ballesta et al. 2015). 

Variation patterns in E. globulus as compared by Steane et al. (2006) using 

microsatellite markers and quantitative traits have revealed the similarities between 

geographically neighbouring races with molecular data analysis but contrasting spatial 

differentiation between some of the nearby geographical races with analysis of 

quantitative data. The disparity between the molecular and morphological classifications 

may be partially due to resolution with finer structures likely present but undetectable in 

the molecular data sets used to date although they may also represent real differences 

between methodology with the molecular approaches accessing what is almost certainly 

neutral variation and the morphological analyses capturing selective as well as neutral 

patterns. If this is the case the genetic variation between different geographic races 

might indeed reflect the adaptive differences evolved in response to selection 

discrepancy in distinctive natural environments with respect to climate or edaphic 

conditions. 

 

In recent years, an emerging disease threat to the eucalypt related industry in Australia 

is the discovery and spread of myrtle rust caused by Austropuccinia psidii Beenken 

(Beenken 2017; previously reported as Puccinia psidii Winter sensu lato or Uredo 

rangelii J.A.Simpson, K.Thomas & C.A.Grgurinovic) which was first detected in April 

2010 on the central coast of New South Wales (Carnegie et al. 2010). The rust rapidly 

spread along the east coast of Australia from temperate regions of Victoria to tropical 

regions of north Queensland (Pegg et al. 2014a), with natural infected host range from 
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107 species and 30 genera of Myrtaceae in 2012 (Carnegie and Lidbetter 2012) 

increased to more than 200 species and 37 genera in 2015 (Lee et al. 2015). The disease 

was reported for the first time in January 2015 in Eucalyptus plantations in Australia 

which were surrounded by native forest stands based on surveys conducted in New 

South Wales (Carnegie 2015). There is also significant concern regarding the potential 

impact A. psidii infection will have on native forest species and screening in glasshouse 

and field conditions has been ongoing since the detection of the rust in 2010. Globally 

reported hosts of A. psidii have risen over 450 species from 73 genera, recorded from 

both natural infection and artificial inoculation (Carnegie et al. 2016; Giblin and 

Carnegie 2014). In screening trials, wide variation of myrtle rust resistance levels has 

been observed between and within many Eucalyptus and Corymbia spp. (Pegg et al. 

2014a; Zauza et al. 2010), with infection responses ranging from highly susceptible to 

completely resistant i.e. no observable disease (Morin et al. 2012; Pegg et al. 2014b; 

Sandhu and Park 2013; Zauza et al. 2010). 

 

While these studies indicate considerable resistance may be present naturally, detailed 

investigation of geographic distribution of rust resistance within species is necessary 

before prediction of likely rust impact can be made for native stands. Also, 

understanding the sources and reasons for resistance segregating at reasonable 

frequencies in populations and species that have unknown exposure to the pathogen in 

evolutionary time will also require such detailed studies (Tobias et al. 2016). The 

heterogeneous distribution of pathogen resistance between geographic populations or 

races might be due to genetic drift, hybridisation and/or selection over the evolutionary 

time scales (Hamilton et al. 2013; Mitchell-Olds et al. 2007). Direct pathogen-imposed 

selection pressure (Burdon 2001), biotic and abiotic environmental factors such as 

climatic variables and genotype-by-environment interaction (Bryner and Rigling 2011) 

are contributing to the natural patterns of genetic variation in pathogen resistance within 

the host species and the overall disease risk variation across the larger spatial scales. 

The expanding host range for a single genotype of A. psidii found in Australia 

(Machado et al. 2015) and the presence of specific resistance to the newly encountered 

pathogen in several myrtaceous species (Morin et al. 2012; Potts et al. 2016) have 

prompted speculation on how these complex interaction can occur in the myrtaceae – 
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myrtle rust pathosystem in which both host and pathogen had no recent evolutionary 

connections (Tobias et al. 2016). 

 

The present study aims to examine the genetic variation of A. psidii rust susceptibility in 

quantitative (disease severity according to numeric score) and binary traits 

(symptomatic, hypersensitivity and pustulation) between geographic races (and sub-

races) of E. globulus ssp. globulus (hereafter referred to as E. globulus) and regional 

populations (in forest district levels) of E. obliqua, two important species representing 

the two main Eucalyptus subgenera Symphyomyrtus and Eucalyptus respectively, for the 

potential application of common findings more widely across the genus. The specific 

aims are to understand the pathosystems involving native Eucalyptus species and A. 

psidii, and to potentially predict the main evolutionary forces which have shaped the 

observed patterns of resistance variation. The outcome of this study will be of benefit to 

the management of rust disease in native forest and the selection of resistant races for 

maximises production in plantations as well as for understanding the evolution of pre-

adaptive resistance. 

 

Materials and Methods 

Experimental design 

A total of 1447 E. globulus seedlots comprising 1251 open pollinated families 

(genotypes) obtained from broad based native and multigenerational breeding 

populations with accurate pedigree information were sampled for a major screening trial 

to estimate the heritability of myrtle rust resistance in the species. A subset of this data 

was then extracted from the original screening dataset for only the seedlots collected 

directly from the wild mother trees to examine the geographical patterns of rust 

susceptibility in their native populations. E. globulus seeds were collected from ranges 

of geographical provenance and imbibed in potassium nitrate (KNO3) for 14 days before 

sown in 40-celled Hiko Seedling trays (Arborgreen, Australia) with potting mixtures for 

regeneration. The hyco tray is 352  216  87 mm in dimensions and contains 40 (8  

5) cells with 93 cc of internal cell volume. A single tray was designated to 

accommodate eight screening plots with five cells per plot in the E. globulus trial. 

Between five to fifteen seeds per seedlot were initially sown in a plot with one to three 
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seeds per cell to obtain as possible, depending on their germination capacity and 

growth, the final seedlings after thinning of one seedling per cell or five seedlings per 

plot for myrtle rust screening. The trial for E. globulus was carried out as randomised 

incomplete block design in seven batches (Batch 1 to 7) to include 680 to 3615 potential 

individuals and 170 to 723 plots in a batch with randomly repetition of individuals in 

seedlots and highly unbalanced replication of some seedlots across batches. Fifty-five 

seedlots with their provenances across the native range of E. globulus were selected as 

controls and included in all the batches. From the total of 20055 cells sown, total of 

11350 regenerated individuals from 1237 seedlots and 1053 families were inoculated 

with A. psidii and screened for phenotypic response. Out of the 11350 individuals, 5912 

from 820 seedlots and 748 families belonged to native populations and used for 

geographical patterns of rust susceptibility analysis in E. globulus. 

 

Screening of E. obliqua was carried out in a single batch (Batch 8) with 818 seedlots 

including single mother-parent open pollinated families and multiple-parent bulks sown 

in the trial. The same 55 E. globulus control seedlots were also included in the trial and 

resulted in total of 873 seedlots. E. obliqua seeds collected from across the geographic 

ranges were imbibed in clean water for 28 days prior to sowing in 40-celled hyco trays 

with potting mixtures while the E. globulus seeds were imbibed as described above. A 

single hyco tray was designated to accommodate eight screening plots with five cells 

per plot or twelve plots, ten with three cells and two with five cells per plot, in this 

particular batch of screening trial. Between three to fifteen seeds per E. obliqua bulk 

seedlot were sown in a three-celled plot, and five to twenty-five seeds per both E. 

obliqua single mother-parent family and E. globulus control seedlot were sown in a 

five-celled plot to obtain as possible, depending on their germination capacity and 

growth, one seedling per cell after thinning. From the 3449 cells sown, total of 1479 

regenerated individuals from 691 seedlots were inoculated with A. psidii and screened 

for phenotypic response. Out of the 1479 individuals, 1073 from 527 seedlots belonged 

to E. obliqua and used for geographical patterns analysis of rust susceptibility in the 

species. All the sown trays in eight bathes of screening trial were covered with a layer 

of vermiculite to retain moisture and avoid seed loss during irrigation. All the seedlings 

were irrigated twice a day and acclimated in glasshouse conditions in HVP Plantations 
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in Gippsland, Victoria for 10 to 12 weeks prior to dispatch to Plant Breeding Institute 

(PBI) in University of Sydney, Cobbitty, for rust inoculation. 

 

Rust inoculation 

E. globulus and E. obliqua seedlings in their respective screening batches were 

inoculated with urediniospores derived from a single A. psidii uredinium multiplied on 

Syzygium jambos in an accredited inoculation chamber in PBI using a fine mist spray on 

adaxial and abaxial leaf surfaces (Sandhu and Park 2013). The rust inoculum was 

prepared from PBI rust collection culture no. 622 with concentration of 2.0 mg 

urediniospores suspended in 1.0 ml of light mineral oil (Univar Solvent L Naphtha 100, 

Univar Australia Pty Ltd). The fine mist sprayer was attached to a motorised 

compressor to atomise the rust suspension during inoculation. A highly susceptible S. 

jambos with young and actively growing leaves was used as an infection control in all 

the trials. After inoculation, the chamber door was kept closed for 5 min to allow 

completely settlement of urediniospores on leaf surfaces before inoculated seedlings 

were transferred to a dark room for incubation under 20 °C and greater than 95% 

relative humidity for 24 h. After 24 h, seedlings were moved to naturally lit 

microclimate rooms maintained at 22  2 °C for 13 days of incubation prior to disease 

assessment. 

 

Phenotypic assessments 

Disease severity assessment was carried out by the rust scoring method according to 

Sandhu and Park (2013). A disease scale was developed to measure the rust response of 

the inoculated plants with the following rating scale: 0 = no visible sign of infection 

(highly resistant); 1 = presence of mild hypersensitive reaction with highly restricted 

pustule, fleck and necrosis (resistant); 2 = hypersensitive reaction with restricted 

pustule, chlorosis and necrosis (moderately resistant); 3 = small to medium sized 

pustules in low frequency and may be presence of chlorosis (moderately susceptible); 4 

= fully developed pustules on leaves in medium to high frequency (susceptible); 5 = 

abundance of fully developed pustules on leaves, twigs and buds (very susceptible). 

Above rating resulted in six categories of rust severity response with the respective 
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numeric scores from 0 to 2 considered as rust resistance and 3 to 5 considered as rust 

susceptible. 

 

Data analysis 

Apart from disease severity analysed as quantitative trait (based on numeric score), rust 

susceptibility in E. globulus and E. obliqua were also categorised in various binary traits 

i.e. symptomatic, hypersensitivity and pustulation for analysis. The geographic variation 

of rust susceptibility for E. globulus was examined at the pre-classified race and sub-

race levels (Dutkowski and Potts 1999) with modification (Dutkowski and Potts 2012; 

Lopez et al. 2001) while the geographical analysis for E. obliqua was carried out at the 

forest district level. Forest districts are the major forest regions each administered by a 

single management group and comprise areas between 3,500 and 100,000 hectares in 

size (averaging 30,000 ha), typically bounded by major rivers, roads, or ridge-lines 

(Figure 2-1; Forestry Tasmania 2010). Statistical analysis and model fitting was carried 

out using available packages in R statistical software version 3.3.0 (R Core Team 2016). 

Packages lme4 (Bates et al. 2015) and lmerTest (Kuznetsova et al. 2016) were used to 

perform a linear mixed effects or generalised linear mixed effects analyses of the 

relationship between rust susceptibility (quantitative and binary traits) and species races 

(and sub-races) or forest districts and families or seedlots fitted using restricted 

maximum likelihood (REML) estimation. Package lsmeans (Lenth 2016) was used to 

calculate the least-squares means and standard errors for rust severity response in the 

respective locality level and Tukey-Kramer multiple range test was performed in the 

same package to compare the significance of the difference in rust susceptibility 

between races of E. globulus and forest districts of E. obliqua. Package ggmap (Kahle 

and Wickham 2013) was used to produce the rust severity map according to the least-

squares means of numeric score and frequency of binary traits for each locality level 

(race or forest district) of seed origin in E. globulus and E. obliqua. Analysis of rust 

susceptibility in E. globulus was carried out by using phenotypic data generated from 

Batch 1 to 7 screening trials with mixed model formulated as: 

 

y =  + Race + Sub-race(Race) + Family(Race*Sub-race) + Batch + Plot(Batch) + 

Residuals 
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Figure 2-1: Forest district, inventory area and forest block boundaries in Tasmania 

(Whiteley 1999). The codes follow Forestry Tasmania (2010). 
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where y is the observation of rust susceptibility in numeric score or trait frequency for 

the seedling and  is the overall mean. The model was fitted with race, and sub-race 

nested in race treated as fixed effects, intercepts for family nested in sub-race nested in 

race, batch, and plot nested in batch applied as random effects. The number of open 

pollinated families included in the analysis and their respective racial and sub-racial 

classifications are as listed in Table 2-1. Analysis of E. obliqua for rust susceptibility 

was performed using phenotypic data obtained from only Batch 8 screening trial with 

the following model: 

 

y =  + District + Seedlot(District) + Plot + Residuals 

 

with forest district treated as a fixed effect, intercepts for seedlot nested in forest district, 

and plot applied as random effects. The number of seedlots used in the analysis 

according to their family types (single mother-parent family or multiple-parent bulk) 

and respective forest districts is as enumerated in Table 2-2. For comparison of rust 

susceptibility between species, phenotypic data from Batch 8 trial consisting of 527 E. 

obliqua and 55 control E. globulus seedlots was analysed with the subsequent model: 

 

y =  + Species + Seedlot(Species) + Plot + Residuals 

 

with species treated as a fixed effect, intercepts for seedlot nested in species, and plot 

applied as random effects. P values were obtained by likelihood ratio tests of the full 

model with the effect in question against model without the respective effects for 

significance analyses. The effect of altitude (elevation) and climatic variables i.e. mean 

annual rainfall, mean maximum and minimum temperatures on rust susceptibility in 

both Eucalyptus species at their respective site of seed origin were examined using 

Pairwise Pearson‟s correlation test in R. The climatic data for accumulated years were 

obtained from the Australian Bureau of Meteorology (http://www.bom.gov.au) with 

respect to each population locality. 

 

 

http://www.bom.gov.au/
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Table 2-1: Number of Eucalyptus globulus ssp. globulus families used in the mixed 

effect analysis of myrtle rust susceptibility and their respective racial and subracial 

classifications according to Dutkowski and Potts (1999) with modification (Dutkowski 

and Potts 2012; Lopez et al. 2001) 

Code 
a
 Race Sub-race State of 

Country 

Number of 

Families 

1 Western Otways Far West Otways Victoria 10 

  Western Otways Victoria 102 

2 Eastern Otways Cape Patton Victoria 18 

  Eastern Otways Victoria 21 

  Lorne PO Victoria 8 

3 Strzelecki Ranges Strzelecki Foothills Victoria 4 

  Strzelecki Ranges Victoria 114 

4 Southern Gippsland Coastal Plain Victoria 4 

  Foothills Victoria 2 

5 Wilsons Promontory 

Lighthouse 

Wilsons Promontory 

Lighthouse 

Victoria 39 

6 Furneaux Flinders Island Tasmania 80 

  Southern Furneaux Tasmania 75 

7 North-eastern Tasmania Inland North-eastern 

Tasmania 

Tasmania 8 

  North-eastern Tasmania Tasmania 38 

  St Helens Tasmania 5 

8 Dromedary Dromedary Tasmania 3 

9 South-eastern Tasmania South-eastern Tasmania Tasmania 136 

10 Southern Tasmania Southern Tasmania Tasmania 29 

  Tasman Peninsula Tasmania 8 

11 Recherche Bay Recherche Bay Tasmania 4 

12 Western Tasmania Western Tasmania Tasmania 13 

13 King Island King Island Tasmania 27 

a
 The codes follow Dutkowski and Potts (1999) 
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Table 2-2: Number of Eucalyptus obliqua seedlots according to their family types and 

forest districts included in the mixed effect analysis of myrtle rust susceptibility 

Code Forest District State of Country Number of Seedlots 

Single Parent Bulk 

1 Bass Tasmania 17 82 

2 Huon Tasmania 0 1 

3 Derwent Tasmania 5 72 

4 Mersey Tasmania 11 83 

5 Murchison Tasmania 3 116 

6 Dandenong Victoria 5 2 

7 Broadford Victoria 0 15 

8 Benalla Victoria 0 4 

9 Mansfield Victoria 0 2 

10 Alexandra Victoria 0 3 

11 Noojee Victoria 1 19 

12 Erica Victoria 0 22 

13 Bairnsdale Victoria 0 44 

14 Nowa Nowa Victoria 0 1 

15 Orbost Victoria 6 2 

16 Cann River Victoria 1 0 

17 Bendoc Victoria 2 2 

18 South Coast New South Wales 4 0 

19 North Coast New South Wales 0 2 
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Results 

Response variation between E. globulus and E. obliqua 

Responses of E. globulus and E. obliqua to A. psidii in the trials were highly variable 

and ranged from seedlings with no observable disease symptom (completely resistant) 

to abundance of fully developed pustules (highly susceptible) as reported in previous 

literatures for many other Eucalyptus species (Morin et al. 2011; Morin et al. 2012; 

Pegg et al. 2014b; Zauza et al. 2010). Distribution of individuals in both Eucalyptus 

species from different subgenera demonstrated bimodal pattern of disease severity with 

higher percentage of seedlings exhibiting the extreme phenotypes than the intermediate 

disease states (Figure 2-2). Analyses of linear mixed models for Batch 8 data fitted with 

the fixed species effect showed highly significant differences (P < 0.001) between E. 

globulus and E. obliqua in quantitative disease severity (Table 2-3) and binary 

symptomatic trait (Table 2-4) in response to A. psidii infection but no significant 

differences in binary hypersensitivity (Table 2-5) and pustulation (Table 2-6) traits 

between the species. Due to the earlier report of resistant traits (completely resistant or 

immune and hypersensitive) underlain by different genetic mechanisms (Butler et al. 

2016) and preliminary finding of distinctive binary traits based on heritability 

estimations (unpublished), analyses of hypersensitivity and pustulation traits in both 

Eucalyptus species were carried out in exclusion of asymptomatic seedlings (completely 

resistant to A. psidii). The rust susceptibility difference between species was due to E. 

obliqua from subgenus Eucalyptus being more susceptible to rust infection with least-

squares mean severity (2.50  0.05) significantly higher than the mean (1.52  0.15) of 

E. globulus from subgenus Symphyomyrtus. The unbalanced seedlot numbers included 

in the trial have also produced significant random effect (P < 0.05) on the analysis of 

rust susceptibility (quantitative and binary traits) between the Eucalyptus species. 

 

Response variation between races (and sub-races) of E. globulus 

There were significant difference (P < 0.05) in quantitative disease severity (Table 2-7) 

and highly significant differences (P < 0.001) in all the binary (symptomatic, 

hypersensitivity and pustulation) traits (Table 2-8 to 2-10) between E. globulus races in 

mixed model analysis of rust susceptibility with race and sub-race within race fitted as 

fixed effects. Western Otways was the most susceptible to rust infection with mean 
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Figure 2-2: Distribution of seedlings in Eucalyptus species according to the percentage 

of rust severity response categories (numeric scores). 
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Table 2-3: Results of mixed models fitted for quantitative myrtle rust disease severity 

between Eucalyptus globulus and Eucalyptus obliqua 

EFFECT df Mean square F Prob 
a
 

Fixed 

Species 

Error 

 

      1 

1474 

 

85.867 

  1.956 

 

36.908 

 

< 0.001 *** 

   Chisq. Prob 

Random 

Seedlot 

Plot 

  
 

  5.069 

  0.110 

 

   0.024 * 

   0.741 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

 

 

Table 2-4: Results of mixed models fitted for binary symptomatic response to myrtle 

rust between Eucalyptus globulus and Eucalyptus obliqua 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

Species 

Error 

 

      1 

1475 

 

48.243 

  0.680 

 

39.437 

 

< 0.001 *** 

Random 

Seedlot 

Plot 

  
 

  3.871 

  0 

 

   0.049 * 

   0.995 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 
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Table 2-5: Results of mixed models fitted for binary hypersensitive response to myrtle 

rust between Eucalyptus globulus and Eucalyptus obliqua 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

Species 

Error 

 

      1 

1167 

 

0.157 

1.073 

 

0.149 

 

0.700 

Random 

Seedlot 

Plot 

  
 

6.200 

0 

 

0.013 * 

0.998 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

 

 

Table 2-6: Results of mixed models fitted for binary pustulation response to myrtle rust 

between Eucalyptus globulus and Eucalyptus obliqua 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

Species 

Error 

 

      1 

1167 

 

1.162 

0.769 

 

1.169 

 

0.280 

Random 

Seedlot 

Plot 

  
 

6.352 

0 

 

0.012 * 

0.999 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 
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Table 2-7: Results of mixed models fitted for quantitative myrtle rust disease severity 

between races and sub-races in Eucalyptus globulus 

EFFECT df Mean square F Prob 
a
 

Fixed 

Race 

Sub-race(Race) 

Error 

 

    12 

      9 

5886 

 

5.330 

1.740 

2.160 

 

    2.157 

    0.704 

 

   0.012 * 

   0.706 

   Chisq. Prob 

Random 

Family(Race*Sub-race) 

Batch 

Plot(Batch) 

  
 

302.110 

156.700 

  41.795 

 

< 0.001 *** 

< 0.001 *** 

< 0.001 *** 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

 

 

Table 2-8: Results of mixed models fitted for binary symptomatic response to myrtle 

rust between races and sub-races in Eucalyptus globulus 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

Race 

Sub-race(Race) 

Error 

 

    12 

      9 

5887 

 

4.890 

0.371 

0.794 

 

  55.209 

    5.694 

 

< 0.001 *** 

   0.770 

Random 

Family(Race*Sub-race) 

Batch 

Plot(Batch) 

  
 

112.280 

100.230 

  41.138 

 

< 0.001 *** 

< 0.001 *** 

< 0.001 *** 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 
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Table 2-9: Results of mixed models fitted for binary hypersensitive response to myrtle 

rust between races and sub-races in Eucalyptus globulus 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

Race 

Sub-race(Race) 

Error 

 

    12 

      9 

4198 

 

5.529 

0.663 

0.811 

 

  66.344 

    5.971 

 

< 0.001 *** 

   0.743 

Random 

Family(Race*Sub-race) 

Batch 

Plot(Batch) 

  
 

200.370 

  50.237 

  17.713 

 

< 0.001 *** 

< 0.001 *** 

< 0.001 *** 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

 

 

Table 2-10: Results of mixed models fitted for binary pustulation response to myrtle 

rust between races and sub-races in Eucalyptus globulus 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

Race 

Sub-race(Race) 

Error 

 

    12 

      9 

4198 

 

5.304 

0.753 

0.711 

 

  60.868 

    8.030 

 

< 0.001 *** 

   0.531 

Random 

Family(Race*Sub-race) 

Batch 

Plot(Batch) 

  
 

201.040 

    8.086 

  12.460 

 

< 0.001 *** 

   0.004 ** 

< 0.001 *** 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 
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disease severity significantly greater than six other races namely Wilsons Promontory 

Lighthouse, Furneaux, North-eastern Tasmania, South-eastern Tasmania, Southern 

Tasmania and King Island (Table 2-11). Western Otways also exhibited significant 

difference from north- and south-eastern Tasmania in symptomatic trait (Table 2-12), 

and Wilsons Promontory Lighthouse and Furneaux in hypersensitivity (Table 2-13) and 

pustulation (Table 2-14) traits. Meanwhile, Dromedary in the present trials showed 

100% of pustule development and no hypersensitive response to A. psidii infection, in 

contrast to Wilsons Promontory Lighthouse with highest hypersensitivity and lowest 

pustulation frequencies. 

 

The race effects demonstrated a trend for decreased susceptibility to A. psidii northward 

from south- to north-eastern Tasmania, eastward from west to east in the Otway Ranges, 

and southward from Strzelecki Ranges to Wilsons Promontory Lighthouse in 

quantitative disease severity (Figure 2-3) and binary traits with increased 

hypersensitivity following the trend (Figure 2-4 to 2-6). Bass Straits islands i.e. 

Furneaux and King Island had susceptibility below the grand mean of total observations 

(2.37  0.03) in contrast to Western Tasmania, Recherche Bay and Dromedary in 

Tasmania with mean severity greater than the grand mean in the trials. Sub-racial 

classification displayed no significant effect on seedling susceptibility to A. psidii, 

indicating the variation of rust response has substantially captured in the race effects. 

Family nested in sub-race nested in race, and other random effects produced highly 

significant differences (P < 0.001) on rust susceptibility due to highly unbalanced 

designed of the screening trials. Moreover, elevation had no significant effect on rust 

susceptibility in E. globulus races albeit races at higher elevation were found less 

susceptible to rust with reduced pustulation (Figure 2-7 to 2-10). The correlations 

between rust susceptibility of races and other climatic variables viz. mean annual 

rainfall, mean maximum and minimum temperatures of their respective site of origin 

were low (r = -0.1 to 0.38) and insignificant with P > 0.1 (Figure 2-7 to 2-10). 

 

Response variation between forest districts of E. obliqua 

Difference in quantitative disease severity between E. obliqua forest districts were only 

weakly significant (P < 0.10) according to mixed model analysis with district fitted as a 
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Table 2-11: Least-squares means (LSM) and standard errors (SE) for rust response in 

numeric score recorded from 13 Eucalyptus globulus races 

Race LSM SE Tukey‟s grouping 
a
 

North-eastern Tasmania 

Southern Tasmania 

Wilsons Promontory Lighthouse 

King Island 

South-eastern Tasmania 

Furneaux 

Southern Gippsland 

Eastern Otways 

Recherche Bay 

Dromedary 

Strzelecki Ranges 

Western Tasmania 

Western Otways 

1.59 

1.63 

1.75 

1.81 

1.96 

2.12 

2.22 

2.33 

2.42 

2.42 

2.43 

2.51 

2.74 

0.30 

0.31 

0.31 

0.32 

0.24 

0.23 

0.59 

0.29 

0.56 

0.83 

0.23 

0.41 

0.24 

a 

a 

a 

a 

a 

a 

ab 

ab 

ab 

ab 

ab 

ab 

  b 

a
 Means with the same letter are not significantly different according to Tukey-Kramer multiple 

range test (P < 0.05) 
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Table 2-12: Binary symptomatic trait for rust response in trait frequency recorded from 

13 Eucalyptus globulus races 

Race Frequency Tukey‟s grouping 
a
 

North-eastern Tasmania 

South-eastern Tasmania 

King Island 

Southern Tasmania 

Dromedary 

Furneaux 

Western Tasmania 

Wilsons Promontory Lighthouse 

Southern Gippsland 

Recherche Bay 

Eastern Otways 

Western Otways 

Strzelecki Ranges 

0.451 

0.461 

0.556 

0.570 

0.600 

0.666 

0.677 

0.690 

0.700 

0.730 

0.787 

0.818 

0.829 

a 

a 

abc 

ab 

abc 

ab 

abc 

abc 

abc 

abc 

  bc 

    c 

  bc 

a
 Means with the same letter are not significantly different according to Tukey-Kramer multiple 

range test (P < 0.05) 
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Table 2-13: Binary hypersensitivity trait for rust response in trait frequency recorded 

from 13 Eucalyptus globulus races 

Race Frequency Tukey‟s grouping 
a
 

Dromedary 

Western Tasmania 

South-eastern Tasmania 

Western Otways 

Recherche Bay 

Strzelecki Ranges 

Eastern Otways 

North-eastern Tasmania 

Southern Gippsland 

Furneaux 

King Island 

Southern Tasmania 

Wilsons Promontory Lighthouse 

0.000 

0.138 

0.178 

0.211 

0.259 

0.279 

0.294 

0.333 

0.381 

0.404 

0.433 

0.471 

0.575 

abcd 

abc 

ab 

a 

abcd 

abc 

abc 

abcd 

abcd 

  bc 

    cd 

    cd 

      d 

a
 Means with the same letter are not significantly different according to Tukey-Kramer multiple 

range test (P < 0.05) 
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Table 2-14: Binary pustulation trait for rust response in trait frequency recorded from 

13 Eucalyptus globulus races 

Race Frequency Tukey‟s grouping 
a
 

Wilsons Promontory Lighthouse 

Southern Tasmania 

Southern Gippsland 

King Island 

Furneaux 

North-eastern Tasmania 

Eastern Otways 

Strzelecki Ranges 

Recherche Bay 

South-eastern Tasmania 

Western Otways 

Western Tasmania 

Dromedary 

0.448 

0.638 

0.667 

0.683 

0.692 

0.755 

0.771 

0.773 

0.833 

0.846 

0.873 

0.892 

1.000 

a 

abc 

abc 

abc 

  b 

abc 

  bc 

  bc 

abc 

  bc 

    c 

  bc 

abc 

a
 Means with the same letter are not significantly different according to Tukey-Kramer multiple 

range test (P < 0.05) 
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Figure 2-3: Least-squares means for rust severity between Eucalyptus globulus races. 

Numbers according to the race codes in Table 2-1. 
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Figure 2-4: Binary symptomatic trait frequency between Eucalyptus globulus races. 

Numbers according to the race codes in Table 2-1. 
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Figure 2-5: Binary hypersensitivity trait frequency between Eucalyptus globulus races. 

Numbers according to the race codes in Table 2-1. 
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Figure 2-6: Binary pustulation trait frequency between Eucalyptus globulus races. 

Numbers according to the race codes in Table 2-1. 
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Figure 2-7: Pearson‟s correlations between rust disease severity of Eucalyptus globulus 

races and their respective elevation and climatic conditions. 
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Figure 2-8: Pearson‟s correlations between binary rust symptomatic trait frequency of 

Eucalyptus globulus races and their respective elevation and climatic conditions. 
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Figure 2-9: Pearson‟s correlations between binary rust hypersensitivity trait frequency 

of Eucalyptus globulus races and their respective elevation and climatic conditions. 
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Figure 2-10: Pearson‟s correlations between binary rust pustulation trait frequency of 

Eucalyptus globulus races and their respective elevation and climatic conditions. 
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fixed effect (Table 2-15). However, analyses of binary rust susceptibility traits resulted 

in significant district difference (P < 0.05) in hypersensitivity to A. psidii but no 

significant differences in symptomatic and pustulation traits between E. obliqua districts 

(Table 2-16 to 2-18). The unbalanced seedlot numbers have produced significant 

random effect (P < 0.05) on the rust susceptibility analysis in the trial except 

hypersensitivity trait with reduced significance (P < 0.1). Despite wide variation of rust 

response, Tukey-Kramer multiple comparison test showed no significant different in 

quantitative disease severity (Table 2-19) and binary symptomatic trait (Table 2-20) 

between the examined districts. Differences between E. obliqua districts in binary 

hypersensitivity and pustulation traits were mainly due to the provenance effects 

between Murchison and Orbost (Table 2-21), and Murchison and Broadford (Table 2-

22), respectively. 

 

Analysis of least-squares mean disease severity and binary trait frequency displayed 

indistinct geographical pattern of rust susceptibility in E. obliqua districts with 

neighbouring provenances exhibited greater differences as evident in Nowa Nowa and 

Bairnsdale in contrast to other distanced provenances (Figure 2-11 to 2-14). Mansfield 

was the most susceptible to rust infection followed by Alexandra, Bairnsdale and Erica 

with increased hypersensitive response to A. pdisii. However, no significant correlation 

was observed between altitude variation and rust susceptibility in ranges of E. obliqua 

forest district apart from the binary rust symptomatic trait (P = 0.1) as demonstrated in 

Figure 2-15 to 2-18. Bairnsdale is located at low elevation (about 20 m) but had mean 

disease severity close to Alexandra and Erica at higher elevation (about 250 and 420 m 

respectively). Similarly, North Coast at relatively highest elevation (about 1150 m) had 

nearly lowest rust severity in contrast to Mansfield (about 320 m) and Alexandra. Based 

on the present analysis, E. obliqua forests in Tasmania had moderate rust susceptibility 

with least-squares mean close to the grand mean of total observations (2.47  0.05). 

Pearson‟s correlation test also resulted in low (r = -0.31 to 0.37) and insignificant 

correlations (P > 0.1) between E. obliqua rust susceptibility and the climatic parameters 

viz. mean annual rainfall, mean maximum and minimum temperatures of their 

respective site of origin (Figure 2-15 to 2-18) except for maximum temperature effect 

on rust symptomatic trait (P < 0.05). 
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Table 2-15: Results of mixed models fitted for quantitative myrtle rust disease severity 

between forest districts in Eucalyptus obliqua 

EFFECT df Mean square F Prob 
a
 

Fixed 

District 

Error 

 

    18 

1051 

 

3.886 

2.073 

 

1.600 

 

0.057 . 

   Chisq. Prob 

Random 

Seedlot 

Plot 

  
 

5.118 

0 

 

0.024 * 

1 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

 

 

Table 2-16: Results of mixed models fitted for binary symptomatic response to myrtle 

rust between forest districts in Eucalyptus obliqua 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

District 

Error 

 

    18 

1052 

 

1.025 

0.661 

 

18.446 

 

0.427 

Random 

Seedlot 

Plot 

  
 

  4.274 

  0 

 

0.039 * 

0.998 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 
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Table 2-17: Results of mixed models fitted for binary hypersensitive response to myrtle 

rust between forest districts in Eucalyptus obliqua 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

District 

Error 

 

  18 

869 

 

1.744 

1.094 

 

31.389 

 

0.026 * 

Random 

Seedlot 

Plot 

  
 

  3.030 

  0 

 

0.082 . 

0.999 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

 

 

Table 2-18: Results of mixed models fitted for binary pustulation response to myrtle 

rust between forest districts in Eucalyptus obliqua 

EFFECT df Mean square Chisq. Prob 
a
 

Fixed 

District 

Error 

 

  18 

869 

 

1.433 

0.817 

 

25.800 

 

0.104 

Random 

Seedlot 

Plot 

  
 

  4.569 

  0 

 

0.033 * 

0.999 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 
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Table 2-19: Least-squares means (LSM) and standard errors (SE) for rust response in 

numeric score recorded from 19 Eucalyptus obliqua forest districts 

Forest District LSM 
a
 SE 

Nowa Nowa 

North Coast 

Broadford 

Orbost 

Noojee 

Benalla 

Mersey 

Derwent 

South Coast 

Murchison 

Bendoc 

Dandenong 

Huon 

Cann River 

Bass 

Erica 

Bairnsdale 

Alexandra 

Mansfield 

1.00 

1.67 

1.75 

1.87 

2.16 

2.18 

2.24 

2.41 

2.46 

2.52 

2.61 

2.61 

2.67 

2.71 

2.76 

2.83 

3.00 

3.77 

4.50 

1.71 

0.81 

0.36 

0.44 

0.28 

0.79 

0.14 

0.14 

0.54 

0.12 

0.59 

0.51 

1.14 

0.91 

0.13 

0.32 

0.22 

0.89 

1.21 

a
 No significant different according to Tukey-Kramer multiple range test (P < 0.05) 
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Table 2-20: Binary symptomatic trait for rust response in trait frequency recorded from 

19 Eucalyptus obliqua forest districts 

Forest District Frequency 
a
 

Huon 

North Coast 

Noojee 

Broadford 

Dandenong 

Murchison 

South Coast 

Mersey 

Derwent 

Cann River 

Bass 

Bendoc 

Bairnsdale 

Orbost 

Erica 

Alexandra 

Benalla 

Mansfield 

Nowa Nowa 

0.667 

0.667 

0.755 

0.769 

0.769 

0.775 

0.800 

0.810 

0.816 

0.857 

0.876 

0.917 

0.925 

0.952 

0.968 

1.000 

1.000 

1.000 

1.000 

a
 No significant different according to Tukey-Kramer multiple range test (P < 0.05) 
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Table 2-21: Binary hypersensitivity trait for rust response in trait frequency recorded 

from 19 Eucalyptus obliqua forest districts 

Forest District Frequency Tukey‟s grouping 
a
 

Huon 

Mansfield 

Cann River 

Dandenong 

Alexandra 

Murchison 

Bairnsdale 

Bass 

Bendoc 

Erica 

South Coast 

Derwent 

Noojee 

Mersey 

North Coast 

Benalla 

Broadford 

Orbost 

Nowa Nowa 

0.000 

0.000 

0.167 

0.200 

0.250 

0.273 

0.306 

0.337 

0.364 

0.400 

0.417 

0.419 

0.432 

0.456 

0.500 

0.600 

0.600 

0.750 

1.000 

ab 

ab 

ab 

ab 

ab 

a 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

  b 

ab 

a
 Means with the same letter are not significantly different according to Tukey-Kramer multiple 

range test (P < 0.05) 
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Table 2-22: Binary pustulation trait for rust response in trait frequency recorded from 

19 Eucalyptus obliqua forest districts 

Forest District Frequency Tukey‟s grouping 
a
 

Nowa Nowa 

Benalla 

Broadford 

North Coast 

Orbost 

Mersey 

Noojee 

Erica 

Derwent 

Bass 

Dandenong 

Bairnsdale 

Bendoc 

Cann River 

South Coast 

Murchison 

Alexandra 

Huon 

Mansfield 

0.000 

0.400 

0.450 

0.500 

0.600 

0.698 

0.730 

0.767 

0.768 

0.788 

0.800 

0.806 

0.818 

0.833 

0.833 

0.847 

1.000 

1.000 

1.000 

ab 

ab 

a 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

ab 

  b 

ab 

ab 

ab 

a
 Means with the same letter are not significantly different according to Tukey-Kramer multiple 

range test (P < 0.05) 
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Figure 2-11: Least-squares means for rust severity between Eucalyptus obliqua forest 

districts. Numbers according to the district codes in Table 2-2 with North Coast not 

shown in the Figure. 
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Figure 2-12: Binary symptomatic trait frequency between Eucalyptus obliqua forest 

districts. Numbers according to the district codes in Table 2-2 with North Coast not 

shown in the Figure. 
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Figure 2-13: Binary hypersensitivity trait frequency between Eucalyptus obliqua forest 

districts. Numbers according to the district codes in Table 2-2 with North Coast not 

shown in the Figure. 
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Figure 2-14: Binary pustulation trait frequency between Eucalyptus obliqua forest 

districts. Numbers according to the district codes in Table 2-2 with North Coast not 

shown in the Figure. 
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Figure 2-15: Pearson‟s correlations between rust disease severity of Eucalyptus obliqua 

forest districts and their respective elevation and climatic conditions. 
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Figure 2-16: Pearson‟s correlations between binary rust symptomatic trait frequency of 

Eucalyptus obliqua forest districts and their respective elevation and climatic 

conditions. 
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Figure 2-17: Pearson‟s correlations between binary rust hypersensitivity trait frequency 

of Eucalyptus obliqua forest districts and their respective elevation and climatic 

conditions. 
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Figure 2-18: Pearson‟s correlations between binary rust pustulation trait frequency of 

Eucalyptus obliqua forest districts and their respective elevation and climatic 

conditions. 
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Discussion 

Present analysis revealed highly significant difference in myrtle rust susceptibility 

(quantitative disease severity and binary symptomatic trait) between E. globulus and E. 

obliqua sampled over a large scale across their natural ranges (Table 2-3 & 2-4). This 

finding has strengthened the hypothesis of evolutionary subgeneric divergence in 

modelling the susceptibility difference between the two represented and most species-

rich Eucalyptus subgenera (Symphyomyrtus and Eucalyptus) to pathogen A. psidii (Potts 

et al. 2016). The subgeneric differences between Symphyomyrtus and Eucalyptus were 

also reported in numerous economically and ecologically important traits including 

plant growth and productivity (Davidson and Reid 1980; Turnbull et al. 1993), 

responses to enemies and pathogens (Carnegie et al. 1998; Nichol et al. 1992; Tippett et 

al. 1985), adaptation to exotic environments (Anekonda et al. 1999, 2000), and foliar 

nutrients and chemistry (Millner and Kemp 2012; Wallis et al. 2010a). While species in 

Symphyomyrtus demonstrated faster early growth rates (Davidson and Reid 1980) and 

greater tolerance to climatic and edaphic conditions (Florence 1996), Eucalyptus species 

were less damaged by herbivorous insects and pathogenic fungi (Noble 1989; Stone et 

al. 1998). Gilbert et al. (2012) described the applicability of phylogenetic signal as an 

evolutionary tool for prediction of plant pathogen-host range in ecological and 

conservation management, in consonance with Potts et al. (2016) and present finding in 

proposing the Eucalyptus phylogenetic history as rust vulnerability predictor for 

biosecurity risk assessment and sustainable breeding strategies. Host specialisation by 

pathogens has also been delineated in previous literatures with significant implications 

on various disciplines viz. epidemiology, biodiversity, ecology and agroforestry (Altizer 

et al. 2003; Gilbert and Webb 2007; Schroth et al. 2000). 

 

Rust susceptibility difference observed between E. globulus races (Table 2-7 to 2-10) 

and E. obliqua districts (Table 2-15 & 2-17) may due to genetic drift and local 

adaptation as the key drivers of genetic variation across their geographic locations and 

scales. Based on the aggregation of species occurrences, species within Eucalyptus 

display more clustered distributions in contrast to Symphyomyrtus species with more 

disjunct distributions (Williams and Potts 1996). Spatially structured variation in 

quantitative traits between populations may result from genetic effects diverged by local 
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adaptation or drift and environmental effects mediated by phenotypic plasticity, i.e. 

differential expression in response to environmental variation (Andrew et al. 2010). 

Genetic drift and natural selection are the two main evolutionary processes occurring at 

multiple geographic scales of E. globulus and give rise to differential adaptation and 

variations of quantitative traits in the species complex (Jones et al. 2013). Wilkinson 

(2008) also revealed significant genetic differentiation in quantitative traits affecting 

fitness of E. obliqua such as growth rate and disease susceptibility maintained by 

differential selection forces along their geographical gradients. While Eucalyptus 

species were reported less susceptible to fungal pathogens such as Phaeoseptoria 

eucalypti (Nichol et al. 1992) and Mycosphaerella spp. (Carnegie et al. 1998), present 

analysis revealed E. obliqua to be more vulnerable to A. psidii with most of the genetic 

variation was between individuals within the examined districts. The weak genetic 

structuring between E. obliqua districts in response to A. psidii (Table 2-19 & 2-20) 

may result from large interpopulation gene flow as described by Pegg et al. (2014a) in 

the variation of rust susceptibility in Corymbia (sister lineage) species. Varying 

magnitude of gene flows caused by pollinator groups such as birds and insects or 

physical geographic barriers such as Bass Straits and Great Dividing Range are also 

predicted to drive the genetic differentiation patterns in E. globulus (Jones et al. 2013; 

Yeoh et al. 2012), as hypothesised for significant rust susceptibility difference between 

the subspecies races. In addition, Potts et al. (2016) reported significant provenance 

differences in susceptibility to A. psidii in the rare and threatened E. morrisbyi species, 

suggesting possibly loss of resistance genes from the isolated and highly genetically 

differentiated population through drift. 

 

Despite responses within populations and provenances of E. globulus and E. obliqua to 

rust varied from completely resistant to highly susceptible, no significant correlation 

between climatic conditions at the provenance origin and disease severity was detected 

in the present study with the exception of elevation and mean maximum temperature 

effects on binary rust symptomatic trait in E. obliqua (Figure 2-7 to 2-10 & 2-15 to 2-

18). This finding is congruent with the similar pattern observed in Corymbia species 

where both the most resistant and susceptible provenances were ranked from the similar 

dry inland areas (Pegg et al. 2014a). On the other hands, Silva et al. (2013) reported 
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significant relationship between climatic conditions i.e. annual average temperature and 

rust development in E. grandis field trials, and highly genetic correlation between 

experimental sites with similar climatic classifications. Preliminary assessment of the 

high risk areas for A. psidii in Australia had been carried out before the arrival of 

pathogen and identified northern parts of the Northern Territory and eastern coastal 

areas of northern New South Wales and Queensland as the highest vulnerable regions 

subjected to the event of rust introduction (Booth et al. 2000; Glen et al. 2007). The 

initial spread of A. psidii along the east coast of Australia since April 2010 (Carnegie 

and Lidbetter 2012; Carnegie et al. 2010) has further confirmed the preliminary risk 

map produced according to Booth and Jovanovic (2012). Recent climatic niche 

modelling has predicted the extension of potential risk range for persistence of A. psidii 

into higher altitudes and latitudes i.e. mesic midlands of Victoria and northern extremes 

of Tasmania based on new data on the distribution and biology of A. psidii (Kriticos et 

al. 2013), indicating parts of the natural populations of E. globulus and E. obliqua may 

be at risk. Nevertheless, successful development of disease in the field required not only 

the conducive climatic conditions for rust infection but also many other factors such as 

presence of actively-growing young shoots and availability of abundant inoculum 

(Morin et al. 2012). Urediniospore germination and subsequent epidemiology of the 

disease are also affected by temperature, leaf wetness duration, relative humidity, light 

intensity and photoperiod (Glen et al. 2007; Silva et al. 2013) as optimised in the 

artificial rust inoculation protocol. Moreover, presence of different biotypes or evolution 

of new virulent strains of A. psidii may result in pathogenicity shift of the pathogen in 

native (Sandhu et al. 2016). 

 

The presence of specific responses within Eucalyptus species and other myrtaceous 

naïve host to the newly encounter A. psidii pathogen has complicated the „zig-zag‟ 

model (Jones and Dangl 2006) of plant-pathogen interactions. Tobias et al. (2016) have 

proposed the „trench warfare‟ concept (Stahl et al. 1999), the recognition potential of 

complexed R gene products (Eitas and Dangl 2010) and the „guard‟ and „decoy‟ models 

(van der Hoorn and Kamoun 2008) to explain the emerging cases of specific rust 

resistance observed in Australian Myrtaceae. The eucalypt-like fossils found in South 

America (Gandolfo et al. 2011) complemented with the results of dated molecular 
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phylogeny (Thornhill et al. 2015) indicated possibly co-existence of eucalypt ancestors 

and rust pathogen or its ancestors during Eocene or Palaeocene on the ancient southern 

supercontinent of Gondwana. The ancient exposure between host and pathogen, and 

persistence of ancient R genes may therefore give rise to the scenario of specific 

resistant across and within the modern Australian myrtaceous species and their 

provenances (Potts et al. 2016; Tobias et al. 2016). The subgeneric differences between 

Symphyomyrtus and Eucalyptus in many ecologically important traits including 

susceptibility to rust may as well result from pre-adaptation to various biotic or abiotic 

stressors since the beginning of divergence (Potts et al. 2016). Alternatively, indirect 

pathogen recognition through similar „invasion patterns‟ produced by the co-evolved 

pathogens and host decoy receptor proteins as the targets of effectors (van der Hoorn 

and Kamoun 2008) may also explain the observed levels of rust resistance in Australia. 

However, the constituents of common „invasion patterns‟ between newly encounter and 

co-evolved pathogens and the common effector target across multiple (about 73 known 

infected) genera of Myrtaceae in the proposed model remain unknown (Tobias et al. 

2016). 

 

Studies on genetic rust resistance in Eucalyptus species revealed the complexity of 

resistance traits involving both major- and minor-effect genes (Alves et al. 2012; 

Junghans et al. 2003a). A major locus associated with A. psidii rust resistance (Ppr1) 

was preliminary identified in E. grandis (Junghans et al. 2003a) and positioned on the 

linkage group 3 of the Eucalyptus microsatellite reference map (Mamani et al. 2010). 

Bulk segregant analysis based on 40 nucleotide-binding leucine-rich repeat (NB-LRR) 

candidate genes on Ppr1 locus has predicted 13 single nucleotide polymorphisms 

(SNPs) potentially involved in A. psidii rust resistance and accounted for 70% of 

genetic variation in resistance (Thumma et al. 2013). Further analysis of quantitative 

trait loci (QTLs) in E. globulus revealed additional four QTLs influencing multiple 

mechanisms for resistance to A. psidii (Butler et al. 2016). Two putative QTLs 

identified for presence or absence of disease symptoms were located on linkage group 3 

(Ppr2) and 7 (Ppr3) and explained 32% of the phenotypic variance, while another two 

putative QTLs identified for presence or absence of a hypersensitive reaction were 

located on linkage group 6 (Ppr4) and 9 (Ppr5) on E. globulus linkage map and 



Chapter 2                                                                              Geographic variation of rust susceptibility      

 

82 
 

accounted for 25% of the phenotypic variance. Various host defences including 

preformed physical and chemical barriers and induced defence mechanisms were 

reported underlying rust resistance in Eucalyptus and controlled by many loci of 

different effects (Butler et al. 2016; Naidoo et al. 2014; Potts et al. 2016). A study of 

gene expression in E. grandis has demonstrated up-regulation of genes involved in 

cellular polarisation and systematic resistance mechanisms in the resistant plants (Moon 

et al. 2007). Detailed investigation on A. psidii infection process and differential 

responses between resistant and susceptible hosts i.e. where does the resistance occur 

will be of value for further understanding of Eucalyptus – A. psidii pathosystem and 

underlying molecular mechanisms of resistance. 

 

Conclusion 

The present study reported highly significant differences in quantitative disease severity 

and binary symptomatic trait in response to A. psidii infection between E. globulus and 

E. obliqua representing the two important and most species-rich Eucalyptus subgenera. 

Mixed effects model analyses also revealed significant differences in rust susceptibility 

between provenances (races or forest districts) of both Eucalyptus species except for 

binary rust symptomatic and pustulation traits in E. obliqua. However, there were no 

significant correlations between rust susceptibility and climatic conditions at the 

provenance origin of both Eucalyptus species apart from binary rust symptomatic trait 

in E. obliqua. The findings have predicted evolutionary subgeneric divergence and 

multiple evolutionary forces viz. genetic drift and local adaptation as well as varying 

magnitude of gene flows in shaping the observed geographical patterns of susceptibility 

variation in native E. globulus and E. obliqua populations. Further to this, the combined 

effects of a number of major and minor genes and underlying molecular mechanisms for 

the complex A. psidii rust resistance trait in Eucalyptus will require further exploration. 
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Chapter 3 

 

Infection process of Austropuccinia psidii on Eucalyptus globulus and 

Eucalyptus obliqua leaves of different rust response phenotypes 

 

Abstract 

The myrtle rust incursion has posed a serious biosecurity threat to Australia with 

potential damaging impacts and devastating consequences to its native flora and plant 

industries. The present study aims to investigate the infection process of Austropuccinia 

psidii Beenken, the myrtle rust pathogen, on Eucalyptus globulus Labill. and Eucalyptus 

obliqua L‟Hér., the two commercially and ecologically important Eucalyptus species 

from different subgenera. The ontogeny and morphology of infection structure 

development of A. psidii on different rust response phenotypes i.e. completely resistant, 

hypersensitive and highly susceptible of both Eucalyptus species inoculated with single-

uredinium-derived urediniospores were examined by scanning electron microscopy. No 

differences were observed in urediniospore germination, appressorium formation and 

germ tube length between rust response phenotypes and the growth of germ tubes had 

no affinity towards stomata in both Eucalyptus species. Histological observations 

indicated direct penetration of infection pegs through the leaf cuticle and no penetration 

beyond epidermis on rust resistant phenotype of E. obliqua. Similar pattern of A. psidii 

infection process between rust response phenotypes and unusual mode of host 

penetration suggest that Eucalyptus defence responses against A. psidii might result 

from non-host resistance. Moreover, no observable disease after repeated rust 

inoculation in previously known rust susceptible phenotype of E. obliqua might due to 

early acquisition of adult plant resistance to A. psidii in the 12-month-old plants. The 

findings of this study provide valuable insights into the interactions between hosts and 

pathogen in Eucalyptus – A. psidii pathosystem, which might be useful for the 

development of effective rust control strategies across Eucalyptus subgenera. 
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Introduction 

Rust diseases caused by pathogenic fungi of the order Pucciniales (equivalent to 

Uredinales) are amongst the most common and notorious fungal diseases afflicting a 

wide range of vascular plants from ferns to advanced monocots and dicots (Helfer 2014; 

Kolmer et al. 2009). The rust fungi are a monophyletic group composing more than 120 

genera and 6000 species in the highly diverse phylum of Basidiomycota (Aime et al. 

2006; Duplessis et al. 2011; Hibbett et al. 2007). They are globally distributed and cause 

diseases in many economically important plant species including cereals, legumes, 

ornamentals, and fruit trees, and pose a serious threat to cropping systems and global 

food security (Garnica et al. 2014; Kolmer et al. 2009). Rust fungi are highly 

specialised, obligate biotrophs, obtaining nutrients from living plant tissues and 

dependent on their hosts for reproduction and completion of life cycles (Duplessis et al. 

2011). The common pattern of a rust life cycle involves five different spore stages on 

two different unrelated hosts (Van Alfen 2001). This life cycle is the most complex for 

macrocyclic heteroecious rusts (as illustrated in Figure 1-3) for in which there is a 

complete suite of five distinct spore types and it requires two hosts for completion of the 

cycle (Kolmer et al. 2009). Rust fungi that do not produce urediniospores are referred to 

as demicyclic and those that do not produce urediniospores and aeciospores or with 

shorter life cycles composed of three or fewer spore stages are microcyclic (Carris et al. 

2012; Quilliam and Shattock 2003). The life cycles that remain on a single host are 

called autoecious in which the rusts pass through their entire life stages on the same 

species or group of host plants (Kolmer et al. 2009). 

 

The rust diseases of woody plants of economic importance include white pine blister 

rust caused by Cronartium ribicola J.C.Fisch. ex Rabenh. affecting five-needle pines 

(Jurgens et al. 2003; Maloy 2003), western gall rust caused by Endocronartium 

harknessii (J.P.Moore) Hirats. (or Peridermium harknessii for asexual name) afflicting 

two- and three-needle pines e.g. Pinus radiata D.Don (Allen and Hiratsuka 1985; 

Kaitera and Nuorteva 2008; Old 1981; Peterson 1971), fusiform rust resulted from 

Cronartium quercuum (Berk.) Miyabe ex Shirai f. sp. fusiforme infection on slash and 

loblolly pines (Goddard et al. 1975; Kinloch and Stonecypher 1969; Schmidt 2003), 

poplar rust caused by Melampsora medusae Thüm., M. larici-populina Kleb. and their 
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interspecific hybrid M. medusae-populina sp. nov. on poplars and conifers (Bourassa et 

al. 2007; Newcombe and Chastagner 1993; Spiers and Hopcroft 1994), destructive 

coffee rust resulted from Hemileia vastatrix Berk. & Broome infection (Arneson 2000; 

Silva et al. 2006), soybean rust caused by Phakopsora pachyrhizi Syd. & P.Syd. 

(aggressive pathogen) and P. meibomiae (Arthur) Arthur (mild pathogen) affecting 

soybean and legumes including woody shrub Erythrina herbacea L. (Gevens et al. 

2008; Goellner et al. 2010; Rupe and Sconyers 2008), and devastating cedar-apple rust 

caused by Gymnosporangium juniperi-virginianae Schwein. on juniper and rosaceous 

species (Aldwinckle 1975; Biggs et al. 2009; Korban et al. 1987). 

 

The current understandings of rusts are, however, mostly derived from studies of 

species infecting cereals such as the three rust diseases i.e. stem rust caused by Puccinia 

graminis f. sp. tritici Pers. (Schumann and Leonard 2000; Wanyera et al. 2006), leaf 

rust caused by P. triticina Eriks. (Bolton et al. 2008) and stripe rust caused by P. 

striiformis f. sp. tritici Eriks. on wheat (Chen et al. 2014) for the obvious reason of their 

critical importance for food supply. The concept of forma specialis (f. sp.) was first 

introduced by Eriksson (1894) and its biological level is used to differentiate the 

genetically distinguishable (physiologically distinct but morphologically 

indistinguishable) race or biotype of a species of pathogen that can infect primarily a 

particular host or a host of a defined genotype/phenotype (Bettgenhaeuser et al. 2014; 

Rédei 2008). 

 

Some of these rust fungi cause premature defoliation which reduces the photosynthetic 

capacity of the plants (Arneson 2000; Rupe and Sconyers 2008), while the others cause 

decreased productivity (Bolton et al. 2008; Chen et al. 2014), fruit infection (Biggs et al. 

2009), formation of swollen canker (Maloy 2003) and death of infected tissues (Kolmer 

et al. 2009), leading to significant economic losses and potential food security threats. 

 

In the recent years, incursion of myrtle rust caused by Austropuccinia psidii Beenken 

(Beenken 2017), which reported previously as Puccinia psidii Winter sensu lato (Winter 

1884) or Uredo rangelii J.A.Simpson, K.Thomas & C.A.Grgurinovic (Simpson et al. 

2006), in Australia (Carnegie and Cooper 2011; Carnegie et al. 2010) has posed a 
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serious biosecurity threat to the country with its biodiversity and industries (e.g. 

forestry, essential oils, nursery and cut flower) reliance on Myrtaceae (Carnegie et al. 

2016). The pathogen was first described from common guava (Psidium guajava L.) in 

Brazil (Winter 1884) and is believed to be native to South and Central America 

(Simpson et al. 2006). It gained notoriety and became particularly prominent in 

scientific literature following the severe damage on exotic Eucalyptus species in Brazil 

(Ferreira 1989; Joffily 1944). A. psidii has rapidly expanded its global distributional 

range over the past decades from Florida (Marlatt and Kimbrough 1979), Hawaii 

(Uchida et al. 2006) and California (Zambino and Nolan 2011) in the United States to 

Japan (Kawanishi et al. 2009), Australia (Carnegie et al. 2010), China (Zhuang and Wei 

2011), South Africa (Roux et al. 2013), New Caledonia (Giblin 2013), and lately to 

Indonesia (McTaggart et al. 2016a), Singapore (du Plessis et al. 2017) and New Zealand 

(Cavill 2017). 

 

The pathogen was identified for the first time in Australia in April 2010 on Myrtaceae 

of three different genera viz. Agonis flexuosa (Willd.) Sweet cv. „Afterdark‟, 

Callistemon viminalis (Sol. ex Gaertn.) G.Don and Syncarpia glomulifera (Sm.) Nied. 

in a cut flower property on the central coast of New South Wales (Carnegie et al. 2010). 

Since its first detection, the rust has spread rapidly throughout natural ecosystems along 

the east coast from New South Wales to north Queensland (Carnegie and Lidbetter 

2012; Pegg et al. 2014b) and became established, although to a limited extent, in 

Victoria, Tasmania and the Northern Territory (Carnegie et al. 2016). 

 

The host range of a rust fungus is the collection of plant species that can be colonised by 

the pathogen for completion of its life cycle in natural habitat (Bettgenhaeuser et al. 

2014; Schulze-Lefert and Panstruga 2011). Some rust species are highly specialised and 

can infect only a few host species in one or two genera (narrow host range) while the 

others are able to parasitise considerable number of hosts which can belong to different 

plant genera (broad host range). A. psidii has a wide host range with reports globally 

from over 450 species in 73 genera of Myrtaceae infected both natural infection and 

artificial inoculation (Carnegie and Lidbetter 2012; Giblin and Carnegie 2014; Morin et 

al. 2012; Pegg et al. 2014b), being one of the limited rust fungi (such as P. graminis and 
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P. pachyrhizi) that parasitise on numerous host genera (Bettgenhaeuser et al. 2014; 

McTaggart et al. 2016a). 

 

The pathogen is referred to as hemicyclic fungi or hemiform (Petersen 1974) for which 

only three spore stages viz. urediniospores, teliospores and basidiospores are known. 

The rust may be heteroecious with an undiscovered alternate aecial host or their 

basidiospores are infrequently functional with loss of infection capability (Morin et al. 

2014). The arrival of A. psidii in Australia with its enormous diversity of Myrtaceae has 

resulted in exposure of a large number of susceptible, naïve hosts to the pathogen, and 

rapid expansion of its host range (Carnegie et al. 2016). The pathogen had been reported 

earlier to infect and complete its life cycle on Eucalyptus agglomerata Maiden, E. 

cloeziana F.Muell., E. grandis W.Hill ex Maiden and E. pilularis Smith, the key wood 

production species in eastern Australia (Carnegie and Lidbetter 2012). There are now 

232 including 18 exotic species of known A. psidii hosts due to natural infection and 

115 hosts recorded from artificial inoculation in Australia since its first detection 

(Carnegie et al. 2016; Giblin and Carnegie 2014), with rust responses within host 

species ranging from completely resistant to highly susceptible (Morin et al. 2012; Pegg 

et al. 2014b; Sandhu and Park 2013). The wide and expanding host range of this 

invasive pathogen has resulted in significant impacts on commercial production of 

plantation forestry globally and potential threats to native plant communities and 

associated ecosystems in Australia dominated by Myrtaceae (Carnegie et al. 2016; 

McTaggart et al. 2016a; Roux et al. 2013). 

 

The aim of this study is to determine at which point is resistance expressed in the pre- 

and post-penetration phases of the infection between A. psidii and two commercially 

and ecologically important Eucalyptus species viz. Eucalyptus globulus Labill. ssp. 

globulus (hereafter referred to as E. globulus) and Eucalyptus obliqua L‟Hér. via 

scanning electron microscopy (SEM) and histopathology. The specific aims are to 

describe the ontogeny and compare the morphology of infection structures on both host 

genotypes with known different rust response phenotypes i.e. completely resistant, 

hypersensitive and highly susceptible, and to identify the modes of resistance and/or 

constraints to disease initiation in resistant phenotypes. The outcome of this study will 
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enhance our fundamental understanding of the interactions between host and pathogen 

in the Eucalyptus – A. psidii pathosystem, and the results generated might be useful for 

the development of new and more effective disease control strategies in Eucalyptus-

related industries and provide more precisely defined phenotypic classes for genetic 

association studies. 

 

Materials and Methods 

Plant material 

One hundred and twenty-two E. globulus and 87 E. obliqua seedlings comprising 

known A. psidii resistant, hypersensitive and susceptible phenotypic classes were 

selected from the Batch 8 rust phenotypic screening trial (as described in Chapter 2) and 

reserved for microscopic study and phytochemical analysis (as reported in Chapter 4). 

Seedlings from the previous rust inoculation studies were thoroughly flushed to remove 

any possible rust spores on their leaves, and severely infected twigs and branches cut to 

allow for regeneration and new shoot growth. The treated seedlings were kept in 

naturally lit microclimate rooms maintained at 22  2 °C in the Plant Breeding Institute 

(PBI) of the University of Sydney, Cobbitty for 8 weeks prior to second inoculation and 

leaf sampling. From the total reserved seedlings, 38 E. globulus consisting of 16 rust 

resistant, 11 hypersensitive (with fleck, necrosis or chlorosis) and 11 susceptible 

phenotypes, and 30 E. obliqua consisting of 11 resistant, 9 hypersensitive and 10 

susceptible phenotypes were randomly sampled for microscopic study. Carborundum 

powder (silicon carbide, 400 mesh particle size, Sigma) was sprinkled uniformly and 

thinly on one of the leaves (adaxial and abaxial surfaces) of all the known resistant 

seedlings and rubbed gently according to Dijkstra and de Jager (1998) to create artificial 

wounds on their cuticle prior to rust inoculation to enable fungal passage through the 

physical barrier into the plant cells. 

 

Fungal isolate and preparation of inoculum 

A standard culture of A. psidii from single pustule increased isolate (Au_3) with 

accession number 115012 was used for all the germplasm testing in PBI (Sandhu and 

Park 2013). The isolate was collected from infected A. flexuosa in a street of Leonay, 

New South Wales in 2011 and multiplied on highly susceptible host plant Syzygium 
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jambos L. (Alston) for increasing rust inoculum. The increased isolates were preserved 

in liquid nitrogen and maintained as standard culture (PBI collection rust culture no. 

622) for all the artificial rust inoculation in PBI. The rust inoculum was prepared with 

concentration of 2.0 mg urediniospores suspended in 1.0 ml of light mineral oil (Univar 

Solvent L Naphtha 100, Univar Australia Pty Ltd) and 0.05% of Tween 20 (Sigma) as a 

surfactant prior to inoculation. 

 

Rust inoculation and incubation 

E. globulus and E. obliqua seedlings were inoculated by spraying with a fine mist of 

prepared inoculum containing fresh urediniospores of A. psidii on their adaxial and 

abaxial leaf surfaces (Sandhu and Park 2013). The fine mist sprayer was attached to a 

motorised compressor to atomise the rust suspension in an accredited inoculation 

chamber. A highly susceptible S. jambos with young and actively growing leaves was 

used as susceptible control in the inoculation. The chamber door was kept closed after 

inoculation for 5 min to allow completely settlement of urediniospores on the leaf 

surfaces. The inoculated seedlings were then transferred to a dark room for incubation 

under 20 °C and greater than 95% relative humidity. Following 24 h of incubation, 

seedlings were returned to the microclimate rooms for time serial leaf sampling. 

 

Time series sampling and fixation 

The inoculated seedlings were sampled according to their respective known phenotypes 

(obtained from rust phenotypic assessment as described in Chapter 2) over defined time 

intervals at 6, 12, 24, 48, 72, 96 and 120 hours after inoculation (h.a.i.). Three replicates 

of a young whole leaf (any but not all of the first expanded four leaves from the tip, and 

not the new leaves that expanded after rust inoculation) were collected randomly from 

each phenotype but different seedlings at each time point and fixed immediately in FAA 

fixative composed of 10% formalin, 5% acetic acid, 50% ethanol and 35% sterile water. 

The collected samples were then transported to the University of Melbourne, Parkville 

for microscopic study. The inoculated seedlings were retained in the microclimate 

rooms until 14 days after inoculation (d.a.i.) for a second disease assessment to confirm 

their phenotypes and only leaf samples collected from the confirmed rust response 

phenotypes were used in microscopic study. Carborundum powder-dusted leaves were 
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examined for the potential role of leaf cuticle as preformed barrier in A. psidii 

resistance. 

  

Scanning electron microscopy 

Leaf pieces 36-mm
2
 (6  6 mm) in size were excised from the FAA fixed samples (two 

pieces per sample for observation of adaxial and abaxial surfaces) and rinsed three times 

in water for 30 min each, before being dehydrated in increasing concentrations (10, 30, 

50, 70, 90 and twice of 100%) of anhydrous ethanol for 30 min each. The dehydrated 

leaf samples were dried in a Balzers CPD 010 critical point dryer and mounted onto 

12.5 mm aluminium stubs with double-sided carbon tabs. The dried samples were then 

gold-coated in a Dynavac Xenosput sputter coater and observed using a Fei Quanta cryo 

SEM operating at 10.0 kV and working distance of 10.0 mm. SEM images were 

captured under an Everhart Thornley detector (ETD) controlled by xT microscope 

Server/Control software (version 2.4; Fei Company, Hillsboro, Oregon, U.S.A.). 

 

Rust re-inoculation and sampling for histopathology 

The previously sampled 38 E. globulus and 30 E. obliqua were reserved for a third rust 

inoculation after the seedlings were thoroughly flushed and heavily pruned to remove 

any possible rust, and maintained in the microclimate rooms for regrowth. Following 6 

months of cultivation this last rust inoculation was performed on the regrown plants 

according to the procedures described earlier and three replicates of actively growing 

young leaf were collected from resistant and susceptible phenotypes at 8, 9 and 10 d.a.i. 

for both Eucalyptus species. The collected samples were then fixed in FAA fixative 

prior to transport from PBI to the University of Melbourne for histopathology study. 

Again the inoculated plants were kept in the same microclimate rooms until 14 d.a.i. for 

repeated disease assessment and phenotypes confirmation. 

 

Tissue processing for histopathology 

Sample preparation for histopathology was carried out according to the procedures 

described by Bhuiyan et al. (2015). Leaf tissues of 1-cm
2
 were cut from FAA fixed 

samples and dehydrated in an ethanol series (20, 40, 60, 80 and twice of 100% for 5 min 

each) before being immersed in xylene and paraffin (1:1) at 60 °C for 6 h followed by 
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immersion in 100% paraffin at 60 °C for overnight. The tissues were embedded in 

paraffin blocks (one tissue per block) on a Leica EG1150 H paraffin embedding station 

by using Leica Parafree stainless steel base mold (25  25 mm) fitted with Leica white 

bulk MC base multi-cassette. The tissue-embedded blocks were allowed for 

solidification on a cold stage (-5 °C) of Leica EG1150 C for 20 min prior to block 

trimming and sectioning with a Leica RM2125 RTS rotary microtome. Multiple ribbons 

of 7-8 m thickness were sectioned and floated on water bath before placed on Leica 

Surgipath Snowcoat microscope slides (2.5  7.0  1.0 cm) and labelled with a pencil. 

The slides were incubated on hot plate at 60 °C for 1 h followed by immersion in 

absolute xylene and two ethanol treatments (100% and 80% concentrations 

respectively) for 5 min each. 

 

Differential staining and light microscopy 

The prepared leaf sections were stained using a quadruple stain modified from Johansen 

(1940) to better differentiate between different structures or cellular components of the 

specimens. The slides were immersed in Safranin O composed of 100 ml of methyl 

cello solve, 50 ml each of absolute ethanol and deionised water, 4 ml of 37% formalin, 

and 2 g each of sodium acetate and Safranin O powder (Sigma) for 2 h to overnight 

before being rinsed in distilled water 2-3 times. The slides were then immersed in 

crystal violet composed of 1 g Crystal violet powder (Sigma) in 100 ml of sterile 

distilled water for 5 min before washed with distilled water twice. Extra stain was 

removed from the specimens using EMT containing 95% ethanol, methyl cello solve 

and tert-butanol (1:1:1) followed by 5 min stained in Fast Green FCF solution 

composed of 0.25 g Fast Green powder (Sigma) in 50 ml of methyl cello solve and 

clove oil (1:1), 150 ml of each absolute ethanol and tert-butanol, and 3.5 ml of glacial 

acetic acid. Again the slides were washed with EMT for removal of extra stain before 

final stained with Orange G containing 1 g Orange G powder (Sigma) in 200 ml of 

methyl cello solve and 100 ml of absolute ethanol for 3 min. Extra stain was then 

removed using two changes of CME (clove oil: methyl cell solve: 95% ethanol in 1:1:1) 

and CMX (clove oil: methyl cello solve: xylene in 1:1:1) for 15 s each before 

immersion of slides in xylene for 5 min. The specimen slides were mounted with Leica 

Surgipath Micromount and covered with glass cover slips prior to examining with 
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bright field (BF) imaging mode under a Leica DM6000 B light microscope controlled 

by Leica Application Suite (LAS version 4.8.0; Leica Microsystems, Switzerland). 

 

Image processing and data analysis 

SEM micrographs were used to investigate the urediniospore germination and formation 

of infection structures by A. psidii on Eucalyptus leaves. Twenty random images 375  

320 m in size, covering 2.4 mm
2
 leaf areas for each adaxial and abaxial surface of one 

phenotype (total of 4.8 mm
2
 per phenotype) were captured for each post-inoculation 

time point between 6 and 120 h.a.i. per Eucalyptus species. Urediniospore density on 

leaf specimens and percentages of urediniospore germination, appressorium formation 

and germ tube length in three categories (< 10 m, 10 – 100 m and > 100 m) on the 

different rust response phenotypes were analysed using ImageJ (National Institute of 

Health, Maryland, U.S.A.) and R statistical software version 3.3.0 (R Core Team 2016). 

Fifteen specimen slides, each containing 10-20 leaf sections, were produced from 

resistant and susceptible phenotypes of Eucalyptus species collected at 120 h.a.i. and 

between 8 and 10 d.a.i. (about 3-4 slides for each time point and total of 30 slides per 

species) for histopathology. Micrographs generated from the histological observation 

were used to compare the mechanisms of penetration and colonisation in Eucalyptus 

leaf tissues of rust susceptible and resistant phenotypes. 

  

Results 

Disease assessment and phenotypes confirmation 

Disease assessment after repeated rust inoculation revealed identical score (according to 

the rust scoring method as described in Chapter 2) for all the inoculated seedlings 

except for the known susceptible plants of E. obliqua following third inoculation. 

Carborundum powder-dusted leaves on resistant phenotypes of both Eucalyptus species 

also exhibited no symptoms of infection, confirming their consistency in response to A. 

psidii even with wounded cuticle. Abrasive carborundum powder (400-600 mesh) is 

commonly used to create micro-wounds on the leaf surface without causing excessive 

damage to the plant tissues during mechanical inoculation, typically for active 

transmission of virus particles into the plant cells, to increase the efficiency of infection 

(Albrechtsen 2006; Hull 2005; Kalmus and Kassanis 1945). 
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Urediniospore germination and appressorium formation 

The present SEM observations showed no differences in ontogeny and morphology of 

the infection structures formed by A. psidii between rust resistant, hypersensitive and 

susceptible phenotypes of either species. Germination of urediniospores started earlier 

than 6 h.a.i. resulting in 76.5 – 100.0 and 68.0 – 84.9% of urediniospores germinated at 

24 h.a.i. on E. globulus (Figure 3-1) and E. obliqua (Figure 3-2) respectively. At 48 

h.a.i., more than 70.0% of the germinated urediniospores had formed appressoria with 

variable length germ tubes growing across different phenotypes of both Eucalyptus 

species (Figure 3-3 & 3-4). Long germ tubes (> 100 m; Figure 3-5a) were observed as 

early as 12 h.a.i. in both resistant and susceptible phenotypes of E. obliqua while the 

medium (10 – 100 m; Figure 3-5b) and short germ tubes (< 10 m; Figure 3-5c) were 

formed randomly over time post-inoculation in all the phenotypes of both Eucalyptus 

species. Despite the trends of urediniospore germination and appressorium formation 

were consistent between all the phenotypes of E. globulus (Figure 3-1), the respective 

events were varied in E. obliqua (Figure 3-2) which may possibly due to the loss of 

urediniospores or appressoria during sample preparation for microscopy. The results 

obtained from examining different rust response phenotypes for urediniospore density 

were similar in both Eucalyptus species (Figure 3-6), yet the distribution of the 

urediniospores was more on the adaxial (less stomatal aperture) than the abaxial leaf 

surfaces in all the phenotypes of E. globulus. 

 

Host penetration 

The growth of A. psidii germ tubes appeared to have no affinity towards the natural 

openings i.e. stomata (Figure 3-5d & e) in both E. globulus and E. obliqua suggesting 

an unusual rust penetration mechanism (non-stomatal penetration) on the respective 

hosts. Occasional appressoria over the stomatal aperture were intermittently observed 

(Figure 3-5f), but they were a small proportion of the total appressorial penetration. 

Attempts of penetration were typically directly through the leaf cuticle and epidermis 

via the formation of appressoria on either leaf surface in both Eucalyptus species. The 

use of quadruple stain in histological observations has successfully aided visualisation 

of rust infection structures and could differentiate between urediniospores and 
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Figure 3-1: Percentages of urediniospore germination and appressorium formation 

between 6 and 120 h.a.i. in different rust response phenotypes of Eucalyptus globulus. 
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Figure 3-2: Percentages of urediniospore germination and appressorium formation 

between 6 and 120 h.a.i. in different rust response phenotypes of Eucalyptus obliqua. 
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Figure 3-3: Percentages of different length and average length of germ tube between 6 

and 120 h.a.i. on different rust response phenotypes of Eucalyptus globulus. 
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Figure 3-4: Percentages of different length and average length of germ tube between 6 

and 120 h.a.i. on different rust response phenotypes of Eucalyptus obliqua. 
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Figure 3-5: Scanning electron micrographs of the infection structure formation by 

Austropuccinia psidii on Eucalyptus. Germination of long (a), medium (b) and short (c) 

germ tubes on Eucalyptus leaves with no affinity towards stomata (d and e). Stomatal 

penetration following appressorium formation occasionally occurred (f). Figures a, d, e 

and f are E. obliqua, and figure b and c are E. globulus. Scale bars = 20 m. 
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Figure 3-6: Density of urediniospores between 6 and 120 h.a.i. on different rust 

response phenotypes of Eucalyptus species. 
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appressoria by differential staining (Figure 3-7a). Comparison between rust resistant 

and susceptible phenotypes showed no penetration of infection peg through the leaf 

epidermis and looser attachment of appressoria on the rust resistant phenotypes of E. 

obliqua (Figure 3-7b & c), while appressoria were firmly attached to the leaf surfaces of 

rust susceptible phenotypes and penetration had occured at 120 h.a.i. (Figure 3-7d, e & 

f). The continuous leaf sections were examined to ensure penetration has actually 

stopped at the cuticle level and no extension of the infection peg in any direction 

underneath the cuticle of E. obliqua rust resistant phenotypes. However, no 

urediniospores or appressoria were observed at 120 h.a.i. in the histological examination 

of any E. globulus rust response phenotype. It is likely that the urediniospores and 

appressoria were washed off during tissue processing due to weak attachment of the 

infection structures to the leaves. A more irregular surface topography was evident on 

the leaves of E. obliqua (Figure 3-8a) suggesting physical trapping of the urediniospores 

and appressoria on the uneven leaf surfaces may have helped them during sample 

preparation for microscopy. In addition, anatomical difference and the presence of 

crystalline-like structures, may be the composition of lignins or cutins or similar 

structural compounds stained red by safranin, were discovered in the leaves of E. 

obliqua (Figure 3-8a & b) in contrast to E. globulus (Figure 3-8c). 

 

Colonisation and uredinia formation 

Hyphal colonisation (Figure 3-8d) and formation of uredinial primordia (Figure 3-8e) 

were observed at 8 d.a.i. within the leaves of E. globulus rust susceptible phenotype. 

Further development of uredinia caused the eruption of leaf epidermis and emergence of 

uredinial sori on the leaf surfaces of E. globulus at 10 d.a.i. (Figure 3-8f). Sporulation 

by A. psidii was visible macroscopically at 8 d.a.i. on both adaxial and abaxial leaf 

surfaces of the rust susceptible E. globulus plants but by 6 d.a.i. on the highly 

susceptible S. jambos control plants. 

 

However, no lesions observed up to 14 d.a.i. on any of the previously known rust 

susceptible E. obliqua plants after the third rust inoculation, and further histological 

examinations also indicated no hyphal colonisation or uredinia formation in the 

respective specimens. This phenomenon may due to the early vegetative phase change 
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Figure 3-7: Light micrographs of the pathogenesis of Austropuccinia psidii at 120 h.a.i. 

in Eucalyptus obliqua. Urediniospore germination and appressorium formation (a) with 

no penetration (b) or penetration stopped after cuticle on epidermis level (c) in rust 

resistant phenotype. Penetration of infection peg (d and e) and firm attachment of 

appressorium (f) occurred on rust susceptible phenotype. Us = urediniospore; Ap = 

appressorium; Ip = infection peg. Scale bars = 20 m. 
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Figure 3-8: Anatomical difference with irregular surface topography and crystalline-

like structures in the leaf of 6-month-old (a) and 12-month-old Eucalyptus obliqua (b) 

in contrast to E. globulus (c). Hyphal colonisation (d) and formation of uredinial 

primordia by Austropuccinia psidii at 8 d.a.i. (e) before emergent of fully developed 

uredinia containing urediniospores at 10 d.a.i. (f) on the leaf surfaces of E. globulus 

susceptible phenotype. OG = oil gland; VB = vascular bundles; PM = palisade 

mesophyll layer; Hy = hyphae; UP = uredinial primordia; Ud = uredinia. Scale bars = 

50 m. 



Chapter 3                                                                                                     Myrtle rust infection process      

 

103 
 

which results in the development of adult plant resistance in E. obliqua against A. psidii 

infection. Deposits of the lignin-like structural compounds were also noticed higher in 

the leaves collected from 12-month-old known susceptible E. obliqua plants (Figure 3-

8b) as compared to the younger (6-month-old) seedlings obtained from earlier sampling 

(Figure 3-8a). Plants were visually assessed again at 28 d.a.i. and no further infection 

symptoms had developed on the previously known rust susceptible E. obliqua, 

confirming the shift of rust susceptible to resistant phenotypes in the species. 

Nevertheless, early acquisition of adult plant resistance and transition of rust response 

phenotypes did not occur in E. globulus. 

 

Discussion 

This study provides, to the extent of found knowledge, the first microscopic 

examination of the infection process of A. psidii in the leaves of E. globulus and E. 

obliqua representing the two major Eucalyptus subgenera Symphyomyrtus and 

Eucalytpus respectively, albeit A. psidii infection process in another Symphyomyrtus 

species E. grandis has previously been reported (Xavier et al. 2001; Xavier et al. 2015). 

Based on the analysis of more than 1600 SEM micrographs and histological observation 

of more than 600 leaf sections, Figure 3-9 summarises the infection process of A. psidii 

pathogen on different rust response phenotypes of Eucalyptus species. High percentages 

of urediniospore germination and appressorium formation were observed in the first 24 

h.a.i. as similarly occurred in E. grandis, on both the rust resistant and susceptible 

phenotypes (Xavier et al. 2001). The initial infection process of A. psidii was followed 

by penetration of infection pegs directly through the leaf cuticle and epidermal cell wall 

into the mesophyll, occurred before 120 h.a.i. as observed in the present study, or as 

early as 24 h.a.i. as described in E. grandis (Xavier et al. 2001) and highly susceptible 

S. jambos (Hunt 1968). 

 

Non-stomatal penetration is unusual for dikaryotic rust spores (e.g. urediniospores) and 

has only been reported from P. pachyrhizi on soybean (Bonde et al. 1976; Edwards and 

Bonde 2011; Marchetti et al. 1975), Phakopsora apoda (Har. & Pat.) Mains on kikuyu 

grass Pennisetum clandestinum Hochst. ex Chiov. (Adendorff and Rijkenberg 2000), 

Physopella zeae (Mains) Cumm. & Ramachar on maize (Bonde et al. 1982) and 
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Figure 3-9: Austropuccinia psidii infection process on different rust response 

phenotypes of Eucalyptus species. Initial infection events from urediniospore 

germination to appressorium formation occur within the first 48 h.a.i. on all the 

phenotypes. The infection process then stopped on the resistant plants at the cuticle or 

epidermis levels without further penetration. However, host penetration must occur on 

the plants showing hypersensitive response prior to pathogen recognition in the host and 

localised cell death. The pathogens are able to complete the infection cycle in 10 days or 

shorter on the susceptible plants by formation of all the necessary cellular components 

for colonisation and successful reproduction. 
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Ravenelia humphreyana P.Henn. on poinciana Caesalpinia pulcherrima (L.) Sw. (Hunt 

1968). The unusual mode of penetration and non-specific induction of appressoria in the 

infection process of A. psidii may explain its broad host range. In P. pachyrhizi 

successful penetration occurs not only on the host (i.e. soybean) but also on non-host 

plants such as barley (Hoefle et al. 2009), Medicago truncatula Gaertn. (Uppalapati et 

al. 2012) and Arabidopsis thaliana (L.) Heynh. (Loehrer et al. 2008). 

 

Prior to appressorium formation, germ tube extension and differentiation can occur in 

response to a number of signals on host leaves including surface hardness and 

topography, hydrophobicity, and plant signalling compounds (Tucker and Talbot 2001). 

Hunt (1968) suggested that the length of urediniospore germ tubes may be related to the 

mode of penetration with germ tubes much shorter or even absent in direct or cuticularly 

penetrating species as compare to indirect or stomatally penetrating rusts. This 

speculation may due to the direct penetrators are less specific about their penetration 

site selection than indirect penetrators as described in P. apoda where the pathogen was 

capable of forming appressoria anywhere on the leaf surface which reduced the energy 

spent on exploratory germ tube growth (Adendorff and Rijkenberg 2000). The growth 

of variable length germ tubes (Figure 3-3 & 3-4) in random directions and reduced 

probability of germ tubes in locating stomata (Figure 3-5) has proposed a non-host 

interaction (Bettgenhaeuser et al. 2014; Nürnberger and Lipka 2005) between 

Eucalyptus and A. psidii, as similarly observed in wheat stripe rust pathogen on non-

host broad bean (Cheng et al. 2012). 

 

Defence responses to invading pathogens may involve preformed (physical or chemical) 

barriers or induced resistances based on complex sensory, signalling and executive 

mechanisms in plant-pathogen interactions (Naidoo et al. 2014). The constitutive 

defensive barriers such as wax layers, rigid cell walls or secondary metabolites on the 

plant surface may initially limit the establishment of pathogen infection structures 

(Nürnberger and Lipka 2005), but if the external barriers are breached, the active 

defence mechanisms consisting of pathogen-associated molecular pattern (PAMP) 

triggered immunity (PTI) and effector-triggered immunity (ETI) involving specific 

disease resistance (R) genes (Bettgenhaeuser et al. 2014; Jones and Dangl 2006) may be 
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activated in response to pathogen invasion. Leaf cuticle is the first barrier to be 

overcome by cuticularly penetrating fungi in which basic compatibility is required for 

successful pathogen adhesion and penetration (Bettgenhaeuser et al. 2014; Serrano et al. 

2014). Formation of a fibril-like matrix (usually referred to as an extracellular matrix) is 

reported in most appressorium-cuticle interactions as a prerequisite for appressorium 

adhesion to plant leaf surface (Adendorff and Rijkenberg 2000; Edwards and Bonde 

2011), has been observed in A. psidii attachment on E. grandis as well (Xavier et al. 

2015). The failure of A. psidii appressoria to firmly attach on the leaf surface (Figure 3-

7b & c), however, may explain the role of cuticle in preventing pathogen adhesion on 

rust resistant phenotypes. In the event of successful pathogen adhesion, the cuticle and 

epidermal cell walls may be breached by penetration structures secreting cuticle-

dissolving enzymes (cutinases) and cell-wall-digesting enzymes (cellulases and 

hemicellulases) or mechanical force generated from high appressorial turgor pressure as 

demonstrated in P. pachyrhizi (Edwards and Bonde 2011; Loehrer et al. 2014). Martin 

(1964) suggested that cuticle wax quantity may determine the fungal behaviour in the 

infection process viz. spore deposition and germination, while Heather (1967a) and 

(1967b) discovered the role of leaf waxes in preventing spore germination of 

Phaeoseptoria eucalypti (Hansf.) Walker on Eucalyptus bicostata Maiden, Blakely & 

Simmons. Vaz Patto and Niks (2001) also showed the presence of leaf waxes i.e. 

distribution of epicuticular wax crystals (Lewis and Day 1972) over the stomata in 

restricting the appressorium formation of rust fungus Puccinia hordei G.H. Otth on wild 

barley Hordeum chilense Roem. & Schult. leaves. In addition, there is a gradual 

reduction in fungal germination, appressorium formation, host penetration and 

sporulation with increased in leaf physiological age in E. grandis, with higher cuticle 

thickness and more waxes in the older leaves (Xavier et al. 2015). Nevertheless, 

compositional variation in wax chemistry between Eucalyptus species (Hallam and 

Chambers 1970; Li et al. 1997) may significantly affect the susceptibility to A. psidii, 

mainly with increasing levels of -diketone (C33), and decreasing levels of two alkanals 

(C24 and C26) and triterpenoid methyl moronate in the direction of more disease 

resistant in subgenus Symphyomyrtus, as compared to subgenus Eucalyptus (Potts et al. 

2016). 
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Ranges of susceptibility from completely resistant or fully immune (no visible disease 

symptoms) to intermediate resistance (hypersensitive and formation of small uredinia) 

and highly susceptible (development of mature uredinia pustules) observed in 

Eucalyptus species may indicate the continuum of A. psidii infection outcomes in non-

host interaction with Eucalyptus as similarly occurred in barley with P. triticina isolates 

(Neu et al. 2003) and other non-host pathosystems as reviewed by Bettgenhaeuser et al. 

(2014). Non-host resistance is the most common form of plant defence mechanism that 

provides broad-spectrum immunity to a plant species against vast majority of potential 

pathogens including bacteria, fungi and oomycetes (Heath 2000b; Mysore and Ryu 

2004; Niks and Marcel 2009; Senthil-Kumar and Mysore 2013). Mysore and Ryu 

(2004) classified non-host resistance into two types: type I which does not produce any 

visible symptoms, and type II which results in a rapid hypersensitive response with 

localised cell death. A rust pathogen that is capable of parasitising a plant species is 

known to be an adapted pathogen where it can form all the necessary cellular 

components for colonisation and successful reproduction. Previous studies reported the 

effectiveness of non-host resistance against various rust pathogens and a number of 

defence mechanisms range from pre-haustorial (i.e. basic incompatibility, topographical 

interruption, degradation of infection structure and inhibition of haustorium formation) 

to post-haustorial resistance (i.e. hypersensitive reaction and inducible defence 

signalling) possessed by rust resistant plants/cultivars (Bettgenhaeuser et al. 2014; 

Heath 1981; Nürnberger and Lipka 2005). Plant cell wall and epidermis constitute 

formidable defences to a wide range of non-host pathogens such as syntheses of 

essential components i.e. syntaxin vesicle targeting protein, glucosyltransferase, and 

ATP-binding cassette transporter encoded by penetration resistance (PEN) genes in A. 

thaliana for basal penetration resistance against non-adapted mildew pathogens species 

(Collins et al. 2003; Lipka et al. 2010; Lipka et al. 2005; Stein et al. 2006; Underwood 

and Somerville 2013). The PEN genes (or homolog ROR genes) have also been reported 

to play a crucial role in penetration resistance to P. pachyrhizi on non-host barley 

(Hoefle et al. 2009) and A. thaliana (Langenbach et al. 2013; Loehrer et al. 2008), 

suggesting common epidermal defence mechanisms against diverse pathogen species in 

non-host pathosystems. 
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Previous study reported hypersensitive reactions in rust resistant phenotypes of E. 

grandis after 48 h of A. psidii inoculation, in contrast with susceptible phenotype where 

hypertrophy of infected tissues and macroscopic disease symptoms were observed 6 

d.a.i., and uredinia formation at 9 d.a.i. (Xavier et al. 2001). In many pathosystems, pre-

haustorial non-host resistance is frequently backed up by post-haustorial hypersensitive 

response against successful cell wall penetration by any pathogen infection units (Heath 

2000b, 2001; Lipka et al. 2005), as revealed in certain plant-rust combinations such as 

wheat and rye with barley leaf rust (P. hordei; Niks and Dekens 1991), and broad bean 

with wheat stripe rust (P. striiformis f. sp. tritici; Cheng et al. 2012). The process of cell 

death in non-host plants, however, may vary from the hypersensitive resistance of the 

host species (Christopher-Kozjan and Heath 2003), and regularly governed by the joint 

effect of multiple quantitative trait loci (QTLs) and occasionally a major R gene (Heath 

1997; Niks 2014). Pathogen recognition in non-host plants may be triggered by general 

or exogenous elicitors (Gómez-Gómez and Boller 2002; Montesano et al. 2003; 

Nürnberger et al. 2004), such as chitin and ergosterol in fungi (Felix et al. 1993; 

Granado et al. 1995), for subsequent activation of PAMP-induced non-host defences. 

Endogenous elicitors such as breakdown products of the plant cell wall released by 

glucohydrolytic activities from attacking pathogen may also activate the innate defence 

mechanisms in non-host species in response to microbial invasion (Vorwerk et al. 

2004). Multiple R genes may be involved in simultaneous recognition of their 

corresponding avr gene-encoded products in non-host resistance for activation of their 

complex plant surveillance system (Mysore and Ryu 2004; Nürnberger and Lipka 

2005). Butler et al. (2016) also reported different set of QTLs responsible for different 

modes of defence responses (immune or completely resistant and hypersensitive 

reaction) in E. globulus against A. psidii. The presence of specific recognition to this 

newly encountered pathogen and intermediate proportions of resistant and susceptible 

plants in populations have raised question about common selection pressure to other 

pathogen in determining A. psidii resistance across so many Australian myrtaceous 

species where the host and pathogen had no recent evolutionary connections. Tobias et 

al. (2016) have subsequently proposed the retention of ancient R genes through 

prolonged „trench warfare‟ (Stahl et al. 1999), pairing of resistance gene products (Eitas 

and Dangl 2010) and guarding of host integrity (van der Hoorn and Kamoun 2008) to 
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explain the specific rust resistance in myrtaceous hosts, and suggest that common 

pathogen „invasion pattern‟ and effector target may be associated with the complex 

Eucalyptus – A. psidii interactions. 

 

Moreover, the absence of observable disease or even evident of infection in previously 

known rust susceptible plants of E. obliqua after the third rust inoculation in the present 

study is intriguing and has prompted speculation about early acquisition of adult plant 

resistance in the species (about 12-month-old) due to ontogenetic changes in leaf 

characteristics such as cuticle chemistry or physical structure, albeit E. obliqua leaves 

still look very juvenile at this stage. Eucalyptus are heteroblastic with progression 

vegetative phase changes in morphology between juvenile and adult forms which give 

rise to markedly differences in shape, size, colour, orientation, glaucousness, anatomy, 

physiology, chemistry and resistance to herbivores and pathogens between juvenile and 

adult leaves (Cameron 1970; Dungey et al. 1997; James and Bell 2001; Johnson 1926; 

Lawrence et al. 2003; Li et al. 1995, 1996; Pederick 1979). Previous studies revealed 

variation in Eucalyptus species in susceptibility to Mycosphaerella leaf diseases as a 

result of heteroblastic transition (phase change from juvenile to adult leaves) in which 

both juvenile and adult foliage of over 50 species of Symphyomyrtus and Eucalyptus 

subgenera were found susceptible to Mycosphaerella cryptica (Cooke) Hansford but 

only juvenile foliage of a restricted range of species in the series Viminales of 

Symphyomyrtus (closely allied with E. globulus Labill.) were infected by 

Teratosphaeria nubilosa (Cooke) Crous & U.Braun (Carnegie et al. 1998; Carnegie et 

al. 1994; Dick 1982; Dungey et al. 1997; Park and Keane 1982). Sánchez Márquez et al. 

(2011) also discovered greater diversity of foliar fungal species and higher susceptibility 

to a wide range of pathogens and fungi in E. globulus juvenile leaves due to less 

effective or undeveloped mechanisms of general defence (non-specific structural or 

biochemical defence mechanisms) against fungal invasion in juvenile than in adult 

leaves. 

 

Despite the reported damaging effect of A. psidii on Australia‟s biodiversity, especially 

to the key species such as Rhodamnia rubescens (Benth.) Miq. (brush turpentine) and 

Rhodomyrtus psidioides (G.Don) Benth. (native guava) in natural ecosystems (Carnegie 
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et al. 2016), the early onset of adult plant resistance to A. psidii as observed in E. 

obliqua in the present study may suggest the minimal effects of this invasive pathogen 

to the sclerophyll forests dominated by native E. obliqua and related Eucalyptus species 

with early heteroblastic transition capability. Nevertheless, major ecological 

disturbances such as fires, insect outbreaks or clearcutting in the forest and Eucalyptus 

plantation may result in regeneration of epicormic shoots or coppices which are very 

susceptible to A. psidii pathogen as evident in new growth of Melaleuca quinquenervia 

(Cav.) S.T.Blake (Rayachhetry et al. 1997), R. rubescens and R. psidioides (Carnegie et 

al. 2016), and thereby precautionary steps are required for effective disease 

management in Eucalyptus forests. 

 

Conclusion 

The results of this study indicate that resistance to A. psidii in E. globulus and E. 

obliqua may due to non-host resistance involving pre-haustorial and post-haustorial 

defence mechanisms underlain by joint effect of multiple quantitative genes. The 

present findings contribute to better understanding of general defence responses in 

Eucalyptus including early acquisition of adult plant resistance in E. obliqua against A. 

psidii, which might be useful in development of effective strategies for invasive rust 

control. Further investigation of foliar chemistry and gene expression responses to A. 

psidii infection across Eucalyptus subgenera with resistant and susceptible phenotypes 

may provide valuable comprehensions into Eucalyptus – A. psidii pathosystem as well 

as the potential drivers for rust resistance trait. 
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Chapter 4 

 

Phytochemical analysis of the essential oils from Eucalyptus globulus and 

Eucalyptus obliqua in association with myrtle rust resistance 

 

Abstract 

Eucalyptus foliar terpenes have been reported widely to function as preformed chemical 

defences against mammalian herbivores and defoliating insects, via direct toxicity or 

indirect priming of systemic defences. Following the potential identification of plant-

derived metabolites as disease resistance biomarkers, this present study compares the 

chemical composition of foliar essential oils in Eucalyptus globulus Labill. and 

Eucalyptus obliqua L‟Hér. between distinct myrtle rust (Austropuccinia psidii Beenken) 

response phenotypes i.e. completely resistant, hypersensitive and highly susceptible, 

using canonical discriminant analysis. Stepwise forward variable selection identified six 

terpene compounds (bicyclogermacrene, globulul, geraniol, -pinene, cis-p-menth-2-en-

1-ol and -terpinene) in E. globulus and four terpenes (-cadinene, caryophyllene oxide, 

longifolenaldehyde and -caryophyllene) in E. obliqua significantly discriminating 

between rust response phenotypes. The selected compounds varied between E. globulus 

and E. obliqua and were different from the rust resistance biomarkers published from a 

previous study of E. grandis  E. urophylla hybrids (1,8-cineole and -terpinyl acetate). 

While the discriminant functions were significant within species, cross validation 

between Eucalyptus species was not significant. These findings indicate the possible 

complexity and variability of terpene defensive chemistry between Eucalyptus species 

and the combined effects or synergistic effects of terpenes in combination with other 

plant metabolites which have barely been evaluated. However, the effectiveness of 

discriminant functions in phenotype classification and the underlying defensive 

mechanisms by which the identified compounds impact rust resistance remain to be 

elucidated. 
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Introduction 

Many plant secondary metabolites have been reported to play an important role in plant 

fitness (Bustos-Segura et al. 2015; Steppuhn et al. 2004) and exhibited physiological 

and ecological functions associated with adaptive evolution and diversification 

(Hartmann 1996; Kursar et al. 2009; Moore et al. 2014; Poelman et al. 2008). While 

primary metabolism supports growth, development and reproduction, plant secondary 

metabolism has been known to facilitate interactions with the biotic and abiotic 

environments, including defences against herbivores and pathogens (Neilson et al. 

2013; Seigler 2012). Chemical defences involving secondary metabolites in terrestrial 

plants, including forest trees, can be constitutive, or induced by injury or exposure to 

invading agents (Franceschi et al. 2005; Kovalchuk et al. 2013; Naidoo et al. 2014; 

Pearce 1996). The synthesis of low-molecular-weight (LMW) compounds such as 

terpenoids (Keeling and Bohlmann 2006; Schwab and Wüst 2015), phenolic compounds 

(Bi and Felton 1995; Moreira et al. 2012) and alkaloids (Facchini 2001; Ziegler and 

Facchini 2008) as classified according by their biosynthetic pathways can provide 

advantages to the producing species in resistance to physical attack by predators, 

parasites and pathogens, and successful adaptation to different types of abiotic 

environmental stresses (Hadacek 2002; Kovalchuk et al. 2013; Pritchard and Birch 

2011). Defensive LMW secondary metabolites with antimicrobial, antinutritive, 

antioxidant or antidigestive properties that are synthesised de novo during plant-

pathogen interactions are described as phytoalexins (Eyles et al. 2010; Hammerschmidt 

1999), while toxic LMW antimicrobial compounds constitutively present in plant 

tissues are referred to as phytoanticipins (VanEtten et al. 1994). 

 

In Eucalyptus leaves, essential oils comprising a complex mixture of monoterpenes, 

sesquiterpenes and formylated phloroglucinol compounds (Keszei et al. 2008) are 

typically produced and stored in the sub-dermal secretory cavities or “oil glands”. The 

stored oils in Eucalyptus species have been widely reported to function as preformed 

chemical defences against mammalian herbivores and defoliating animals (Lawler et al. 

1999; McArthur et al. 2010; Moore et al. 2004; O'Reilly-Wapstra et al. 2004; Wiggins 

et al. 2006) such as Pseudocheirus peregrinus Boddaert (common ringtail possums), 

Trichosurus vulpecula Kerr (common brush-tailed possum), Thylogale billardierii 
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Desmarest (red-bellied pademelon) and Phascolarctos cinereus Goldfuss (koala). 

Essential oils contained in trichomes and other glandular structures in Eucalyptus have 

also been demonstrated to be an effective physicochemical defence mechanism against 

various leaf-chewing insects (Andrew et al. 2007b; Bowers et al. 2000; Rapley et al. 

2007; Troncoso et al. 2011) including Anoplognathus montanus Macleay (Christmas 

beetle), Ctenarytaina eucalypti Maskell (blue gum psyllid) and the larvae of 

Mnesampela privata Guenée (autumn gum moth). Secretory cells and glands that 

produce and transport defensive substances can also occur in other parts of the plant 

such as bark, phloem, medulla, roots and petioles (Naidoo et al. 2014), and their 

existence and abundance in the respective tissues are widely different between 

Eucalyptus species (Carr and Carr 1970). The defensive action of essential oils can be 

direct toxicity via allelopathic or antimicrobial activity (Eyles et al. 2003a; Eyles et al. 

2003b; McLean et al. 1993), or indirect priming of systemic defences in both the host 

and neighbouring plants (Eyles et al. 2010; Naidoo et al. 2014). Furthermore, Goodger 

et al. (2009) showed the foliar secretory cavities of several Eucalyptus species contain 

not only volatile essential oils but also non-volatile, resinous compounds of unknown 

function, indicating the complexity of terpene biosynthesis and their functionality in 

Eucalyptus natural defences. 

 

Qualitative analysis revealed over 100 different terpenes may be present in the leaves of 

an individual Eucalyptus species and the combined effects of different terpenes along 

with the quantitative effects of individual compounds have hardly been evaluated 

(Naidoo et al. 2014; Padovan et al. 2014). Külheim et al. (2015) identified 113 and 106 

putative functional terpene synthase genes in the genome sequences of Eucalyptus 

grandis W.Hill ex Maiden (Myburg et al. 2014) and Eucalyptus globulus Labill. 

(Department of Energy-Joint Genome Institute), respectively, and discovered the largest 

proportion of the genes were expressed in green tissues such as mature and young 

leaves and floral buds, and significant group of genes were also expressed in non-green 

tissues including roots, xylem and phloem. Terpene diversity in Eucalyptus species was 

reported to be driven by variation in terpene synthase enzymes (Keszei et al. 2010; 

Padovan et al. 2014), which catalyse the synthesis of ranges of terpene products from a 

relatively small set of common substrates (Wise et al. 1998). These multi-product 
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enzymes have variable catalytic pockets or different areas in the active site for distinct 

sequential steps in the reaction cascade to facilitate the production of multiple terpene 

skeletons (Köllner et al. 2006). Terpene products are formed from C5 precursors and 

their qualitative profile in producing species are determined at two key points in the 

terpene biosynthetic pathway viz. the synthesis of geranyl pyrophosphate (GPP – C10) 

and farnesyl pyrophosphate (FPP – C15), precursors for monoterpenes and 

sesquiterpenes, respectively (Külheim et al. 2015; Padovan et al. 2014). The efficiency 

of unique terpene synthases involved in the respective biosynthetic pathways can 

influence the monoterpene:sesquiterpene ratio in different cellular compartments 

(Lichtenthaler 1999; McCaskill and Croteau 1995) and subsequently resulted in 

multitude of terpene carbon skeletons in the producing species (Degenhardt et al. 2009). 

 

Significant qualitative and quantitative variation in foliar terpenes has been reported 

widely at individual, population and taxonomic levels in the family Myrtaceae, 

including Eucalyptus species (Keszei et al. 2010; Keszei et al. 2008). The considerable 

differences in yield and composition of volatile leaf oils between species indicates a 

strong genetic basis for these traits in both Symphyomyrtus and Eucalyptus subgenera 

(Doran and Matheson 1994; Li and Madden 1995; Li et al. 1995, 1996; O'Reilly-

Wapstra et al. 2011; O'Reilly-Wapstra et al. 2005). Previous studies have also shown 

strong ontogenetic variation in foliar terpene expression across distinct life stages e.g. 

seedlings, juveniles and adults (Goodger and Woodrow 2009; O'Reilly-Wapstra et al. 

2007), and within a single life stage (Borzak et al. 2015; Goodger et al. 2013a; Goodger 

et al. 2013b; McArthur et al. 2010; Padovan et al. 2013) of various Eucalyptus species. 

In addition to the genetic effects, environmental factors including nutrient availability 

and water supply (Gleadow and Woodrow 2002), along with genotype  environment 

interactions (Andrew et al. 2010) also found to be involved in the divergence of foliar 

chemicals in Eucalyptus, which may then influence their interactions with the 

encountered herbivores and pathogens in their native community. Wallis et al. (2010b) 

found no correlation between juvenile and maturing ramets of E. grandis in their foliar 

chemistry, implying the contributions of gene  environment interactions and age 

effects in the deployment of foliar chemicals in the species. Further understanding of 

terpene variation and causes of variation in Eucalyptus may improve the knowledge of 
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evolution of terpene diversity within the species-rich genus and their respective 

ecological interactions (Keszei et al. 2008; Padovan et al. 2014), i.e. explaining how the 

complex terpene mixtures are assembled in Eucalyptus foliage and how genetic 

variation interacts with environmental factors to produce various types and quantities of 

terpenes. 

 

Despite terpenes being one of the most important groups of secondary metabolites 

across the plant kingdom and known to play many roles in natural systems (Padovan et 

al. 2014), Eucalyptus terpenes, to date, have mostly been implicated in the ecological 

interactions with herbivores (Edwards et al. 1993; Edwards et al. 1990; Hume and 

Esson 1993; Lawler et al. 1999; Morrow and Fox 1980; Stone and Bacon 1994) and 

pathogens (Eyles et al. 2003b; Hantao et al. 2013a; Potts et al. 2016). Hantao et al. 

(2013a) have tentatively identified more than 40 volatile organic compounds using 

modern analytical methods as potential disease biomarkers for diagnosis of 

Teratosphaeria nubilosa (Cooke) Crous & U.Braun infection in E. globulus. In a more 

recent study, Potts et al. (2016) discovered Eucalyptus species from subgenus 

Symphyomyrtus harbouring a significant composition, in both quantity and diversity, of 

foliar oil compounds tended to be more resistant to myrtle rust than species from 

subgenus Eucalyptus. Myrtle rust is a fungal disease caused by the exotic pathogen 

Austropuccinia psidii Beenken (Beenken 2017; initially identified as Puccinia psidii 

Winter sensu lato or Uredo rangelii J.A.Simpson, K.Thomas & C.A.Grgurinovic) 

which infects plants in the Myrtaceae family (Carnegie and Lidbetter 2012). The 

virulent pathogen has recently been introduced into Australia (Carnegie 2015) which 

can cause severe damage to native Eucalyptus by reducing biomass accumulation and 

vigour of the trees, and lead to major negative economic impact (Morin et al. 2012). 

Following the potential of metabolomics or analyses of plant-derived metabolites as 

efficient diagnostic assays for plant diseases (Hantao et al. 2013a; Schwab et al. 2008), 

two terpene compounds i.e. 1,8-cineole or eucalyptol and -terpinyl acetate were 

detected in the hybrids of E. grandis and Eucalyptus urophylla S.T.Blake as potential 

biomarkers for myrtle rust resistance (Hantao et al. 2013b). This study aims to examine 

the chemical composition of foliar essential oils in E. globulus ssp. globulus (hereafter 

reported as E. globulus) and Eucalyptus obliqua L‟Hér., the two commercially and 
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ecologically important species from Symphyomyrtus and Eucalyptus, respectively, and 

compare the phytochemical properties between their myrtle rust response phenotypes 

(completely resistant, hypersensitive and highly susceptible) for understanding of the 

relationship between Eucalyptus foliar terpenes and A. psidii rust resistance traits. 

 

Materials and Methods 

Plant material 

A total of 122 E. globulus and 87 E. obliqua seedlings comprising known A. psidii 

resistant, hypersensitive and susceptible phenotypes were selected from Batch 8 of the 

rust phenotypic screening trial (as described in Chapter 2) and reserved for 

phytochemical and microscopic studies. Infected seedlings from the previous rust 

inoculation were thoroughly flushed to remove any possible rust spores on their leaves, 

and severely infected twigs and branches were cut to allow for regeneration and new 

shoot growth. The treated seedlings were kept in naturally lit microclimate rooms 

maintained at 22  2 °C in the Plant Breeding Institute (PBI) in the University of 

Sydney, Cobbitty for 8 weeks prior to phytochemical and microscopy sampling. 

 

Leaf sampling 

Two replicates of young whole leaf (third or fourth pairs of leaves from the tip) were 

sampled from all the reserved E. globulus and E. obliqua seedlings and stored at -80 °C 

prior to transport (on dry ice) to the University of Melbourne, Parkville for 

phytochemical analyses. The leaf-sampled seedlings were then re-inoculated with A. 

psidii inoculum (PBI rust collection culture no. 622) according to Sandhu and Park 

(2013) for the designed microscopic study (as reported in Chapter 3) and phenotype 

confirmation. The inoculated seedlings were remained in the microclimate rooms until 

14 days after inoculation (d.a.i.) for disease reassessment and only leaf samples 

collected from the confirmed rust response phenotypes were used in the subsequent 

phytochemical analyses. 

 

Biomass determination and terpene extraction 

From the collected leaf samples, leaves of 60 different plants comprising 20 samples of 

each pre-defined rust response phenotype: completely resistant (asymptomatic), 
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hypersensitive (presence of fleck, necrosis and chlorosis) and highly susceptible 

(abundance of fully developed pustules) were randomly selected from each E. globulus 

and E. obliqua for leaf chemical analyses. The selected leaves were scanned using 

scanner with scale included for leaf area determinations prior to grinding to a fine 

powder in liquid nitrogen with pre-chilled mortar and pestle. The individual ground leaf 

tissues were weighed for fresh weight calculations before terpene extraction following 

method described in Goodger et al. (2008). Terpenes were extracted from ground leaves 

in hexane containing 100 mg l
-1

 tridecane as an internal standard and incubated at 50 °C 

with agitation at 100 rpm for 7 days. Extracts were then dehydrated with anhydrous 

Na2SO4 and stored at -20 °C until analysed. After terpene extraction, the remaining 

ground leaf materials were oven-dried at 65 °C to constant weight for dry weight 

calculations. 

 

Terpene quantification by GC-FID 

Hexane extracts were analysed by Gas Chromatography with Flame Ionisation 

Detection (GC-FID) using a Perkin Elmer Autosystem XC (Perkin Elmer, Melbourne, 

Australia) fitted with a Zebron ZB-5 low polarity column (30 m × 0.25 mm i.d., 

Phenomenex) according to Goodger et al. (2016).  Helium was used as the carrier gas at 

a flow rate of 1 ml min
-1

.  The injector temperature was 250 °C and detector 

temperature was 220 °C.  The column temperature was held at 120 °C for 1 min 

following injection, then ramped at 7 °C min
-1

 to 180 °C and held at that temperature for 

a further 10 min. The minimum detectable concentration for terpene compounds using a 

1 l injection was 0.01 g ml
-1

 of hexane extracts. GC-FID constituent identification 

and quantification was based on standard series of commercially available 

monoterpenes and sesquiterpenes (Sigma-Aldrich, St. Louis, USA) as described in 

Goodger et al. (2007) and GC-MS analyses. 

 

Terpene constituent identification by GC-MS 

Gas Chromatography Mass Spectrometry (GC-MS) was performed on hexane extracts 

of bulk leaves from each Eucalyptus species using an Agilent 7890A GC and 5975C 

MS (Agilent Technologies, Santa Clara, USA) following Goodger et al. (2016). 

Samples (1 μl) were injected in splitless mode into a GC-MS system comprising a 
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Gerstel 2.5.2 autosampler, a 7890A Agilent gas chromatograph and a 5975C Agilent 

quadrupole MS (Agilent, Santa Clara, USA). The MS was adjusted according to the 

manufacturer‟s recommendations using tris-(perfluorobutyl)-amine (FC-43). The 

following MS source conditions were used: injection temperature 250 °C, transfer line 

280 °C, ion source 230 °C, quadrupole 150 °C, 70 eV (EI mode), 2.66 scans s
-1

, and 

scanning range m/z 50 – 600. The GC fractionation was performed on a 30 m VF-5MS 

column with 0.2 μm film thickness and a 10 m Integra guard column (J & W, Agilent). 

The carrier gas and temperature program were the same as for the GC-FID. Mass 

spectra were evaluated using Agilent MSD ChemStation E.02.02.1431 for GC-MS, and 

mono- and sesquiterpenes identified using either the NIST 11 or Adams 2012 mass 

spectra libraries. 

 

Statistical analyses 

All the clearly identified terpene compounds in rust response phenotypes of E. globulus 

and E. obliqua were used for statistical analyses in R statistical software version 3.3.0 

(R Core Team 2016). Stepwise linear or generalised canonical discriminant analysis 

was performed using packages MASS (Venables and Ripley 2002) and candisc 

(Friendly and Fox 2016) in R. The analyses were applied to the terpene amounts 

adjusted to mg g
-1

 dry weight of leaf tissues, log-transformed to minimise the 

domination of compounds with relatively large concentrations, and normalised to a 

common standard deviation. The variables included in the formation of discrimination 

functions for the classification of correct group within Eucalyptus species were 

determined with a stepwise forward variable selection using a Wilks‟ Lambda as a 

criterion and an F statistic factor to establish the significance of the changes in Lambda 

when a new variable was tested in package klaR (Weihs et al. 2005) in R. Multivariate 

analysis of variance (MANOVA) was performed to test the significance of the fitted 

discriminant models by consideration of the selected variables simultaneously. The 

prediction capacity of the discriminant models within species was studied by leave-one-

out cross validation in order to determine the stability of the model. Cross species 

validations were also carried out by using E. globulus and E. obliqua discriminant 

models fitted with the terpene variables common in both, and in comparison with the 

significant compounds identified for myrtle rust resistance in E. grandis  E. urophylla 
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hybrids (Hantao et al. 2013b). Differences in total oil content, total mono- and 

sesquiterpene content per leaf area and per tissue dry weight were examined between 

different rust response phenotypes of E. globulus and E. obliqua. 

 

Results 

A range of terpene compounds including monoterpenes and sesquiterpenes (Table 4-1) 

were identified in the leaves of E. globulus and E. obliqua. Visual inspection of their 

respective chromatograms revealed no obvious correlations between chromatographic 

profiles and resistance or susceptibility of the analysed samples to the myrtle rust 

disease. In the stepwise forward variable selection, a total of six and four terpene 

variables were identified as significant at P < 0.10 by an approximate F-test decision 

using Wilks‟ Lambda criterion (Table 4-2) in E. globulus and E. obliqua, respectively 

for differentiation of rust response phenotypes i.e. completely resistant, hypersensitive 

and highly susceptible. The selected compounds in E. globulus (Figure 4-1) are four 

monoterpenes (-pinene, -terpinene, cis-p-menth-2-en-1-ol and geraniol) and two 

sesquiterpenes (bicyclogermacrene and globulol), while those in E. obliqua (Figure 4-2) 

are all sesquiterpenes (-caryophyllene, -cadinene, caryophyllene oxide and 

longifolenaldehyde). The identified compounds were all different between Eucalyptus 

species and different from the tentative rust resistance biomarkers viz. 1,8-cineole and 

-terpinyl acetate (Figure 4-3) reported in E. grandis  E. urophylla hybrids (Hantao et 

al. 2013b). 

 

Generalised canonical discriminant analyses based on stepwise model selected terpene 

variables resulted in highly significant (P < 0.001) and significant (P < 0.01) separation 

between rust response phenotypes in E. globulus and E. obliqua, respectively (Table 4-

3). The phenotypes separation in E. globulus (Figure 4-4) was explained by 65.8% of 

first discriminant function (x-axis) and 34.2% of second discriminant function (y-axis), 

while the separation in E. obliqua (Figure 4-5) was achieved by 80.6% and 19.4% of 

first and second discriminant functions, respectively. During cross validation within 

species, the classification model for each Eucalyptus species was rebuilt and the cases 

removed were classified in a new model with a classification matrix as summarised in 

Table 4-4. Prediction capacity of discriminant models fitted for E. globulus showed 
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Table 4-1: Terpene compounds identified in Eucalyptus globulus and Eucalyptus 

obliqua leaf samples by GC-FID and GC-MS 

Compound name Formula Terpene class Retention 

time (min) 
a
 

CAS 
b
 

-Thujene C10H16 Monoterpene 6.42 2867-05-2 

-Pinene C10H16 Monoterpene 6.65 80-56-8 

Sabinene C10H16 Monoterpene 7.68 3387-41-5 

-Pinene C10H16 Monoterpene 7.83 127-91-3 

Myrcene C10H16 Monoterpene 8.06 123-35-3 

-Phellandrene C10H16 Monoterpene 8.52 99-83-2 

-3-Carene C10H16 Monoterpene 8.77 13466-78-9 

p-Cymene C10H14 Monoterpene 8.96 99-87-6 

Limonene C10H16 Monoterpene 9.08 138-86-3 

-Phellandrene * C10H16 Monoterpene 9.12 555-10-2 

1,8-Cineole C10H18O Monoterpene 9.14 470-82-6 

-Terpinene C10H16 Monoterpene 9.71 99-85-4 

-Terpinene C10H16 Monoterpene 10.29 586-62-9 

Linalool C10H18O Monoterpene 10.55 78-70-6 

cis-p-Menth-2-en-1-ol C10H18O Monoterpene 11.08 29803-82-5 

trans-p-Menth-2-en-1-ol C10H18O Monoterpene 11.42 29803-81-4 

Terpinen-4-ol C10H18O Monoterpene 12.12 562-74-3 

Cryptone C9H14O Monoterpene 12.23 500-02-7 

-Terpineol C10H18O Monoterpene 12.37 98-55-5 

cis-piperitol * C10H18O Monoterpene 12.41 16721-38-3 

trans-Piperitol C10H18O Monoterpene 12.60 16721-39-4 

cis-Carveol C10H16O Monoterpene 13.05 1197-06-4 

Geraniol C10H18O Monoterpene 13.21 106-24-1 

Piperitone C10H16O Monoterpene 13.33 89-81-6 

-Terpinyl acetate C12H20O2 Monoterpene 14.66 80-26-2 

-Terpinene C10H16 Monoterpene 14.77 99-86-5 

-Geranyl acetate C12H20O2 Monoterpene 15.09 105-87-3 

Copaene C15H24 Sesquiterpene 15.17 3856-25-5 

-Elemene C15H24 Sesquiterpene 15.35 515-13-9 

-Gurjunene C15H24 Sesquiterpene 15.61 489-40-7 
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Table 4-1 (Continued)     

trans-Caryophyllene C15H24 Sesquiterpene 15.70 87-44-5 

Calarene C15H24 Sesquiterpene 15.81 17334-55-3 

Aromadendrene C15H24 Sesquiterpene 16.05 109119-91-7 

-Caryophyllene * C15H24 Sesquiterpene 16.07 6753-98-6 

allo-Aromadendrene C15H24 Sesquiterpene 16.13 25246-27-9 

-Selinine C15H24 Sesquiterpene 16.15 473-13-2 

9-epi-E-Caryophyllene C15H24 Sesquiterpene 16.34 68832-35-9 

Viridiflorene C15H24 Sesquiterpene 16.71 21747-46-6 

Bicyclogermacrene C15H24 Sesquiterpene 16.78 24703-35-3 

-Cadinene C15H24 Sesquiterpene 17.02 483-76-1 

-Elemol C15H26O Sesquiterpene 17.54 639-99-6 

Unidentified compound 1 NA Sesquiterpene 17.72 NA 

Spathulenol C15H24O Sesquiterpene 17.79 6750-60-3 

Caryophyllene oxide C15H24O Sesquiterpene 17.90 1139-30-6 

Viridiflorol C15H26O Sesquiterpene 18.02 552-02-3 

Globulol ** C15H26O Sesquiterpene 18.11 51371-47-2 

Unidentified compound 2 NA Sesquiterpene 18.15 NA 

-Eudesmol C15H26O Sesquiterpene 18.35 1209-71-8 

-Eudesmol C15H26O Sesquiterpene 18.72 473-16-5 

-Eudesmol C15H26O Sesquiterpene 18.75 473-15-4 

Longifolenaldehyde C15H24O Sesquiterpene 19.81 19890-84-7 

a
 Retention time was based on standard series of commercially available terpene compounds 

using Zebron ZB-5 low polarity column (30 m  0.25 mm i.d., Phenomenex) 

b
 CAS Registry Numbers follow Chemical Abstracts Service (CAS) Registry Database, 

American Chemical Society (ACS) 

* Compounds only present in E. obliqua 

** Compounds only present in E. globulus 

NA = not applicable for unidentified compounds 
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Table 4-2: Terpene compounds selected by stepwise forward variable selection using 

Wilks‟ Lambda criterion (P < 0.10) for differentiation of rust response phenotypes in 

Eucalyptus globulus and Eucalyptus obliqua 

Species Selected variable Variable 

code 

Wilks‟ 

Lambda 

F statistic P value 

E. globulus Bicyclogermacrene v1 0.833 5.695 0.0056 

 Globulol v2 0.752 3.023 0.0565 

 Geraniol v3 0.663 3.716 0.0305 

 -Pinene v4 0.603 2.661 0.0788 

 cis-p-Menth-2-en-1-ol v5 0.549 2.595 0.0839 

 -Terpinene v6 0.501 2.530 0.0893 

E. obliqua -Cadinene v7 0.898 3.237 0.0466 

 Caryophyllene oxide v8 0.827 2.419 0.0981 

 Longifolenaldehyde v9 0.740 3.238 0.0467 

 -Caryophyllene v10 0.655 3.506 0.0369 

 

 

 

Figure 4-1: Significant compounds identified in Eucalyptus globulus in association 

with myrtle rust resistance. 
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Figure 4-2: Significant compounds identified in Eucalyptus obliqua in association with 

myrtle rust resistance. 

 

 

 

Figure 4-3: Tentative biomarkers for myrtle rust resistance in Eucalyptus grandis  

Eucalyptus urophylla hybrids (Hantao et al. 2013b). 
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Table 4-3: Summary of the multivariate analyses of stepwise model selected terpene 

compounds in response to myrtle rust resistance in Eucalyptus globulus and Eucalyptus 

obliqua with variance components estimated through the Wilks‟ Lambda statistical test 

Species df Wilks‟ 

Lambda 

Num df Den df F statistic P value 
a
 

E. globulus 2 0.501 12 104 3.581 < 0.001 *** 

E. obliqua 2 0.655 8 108 3.187 0.003 ** 

a
 Significance codes:  0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1 

df = degrees of freedom 

Num df = numerator degrees of freedom 

Den df = denominator degrees of freedom 

 

 

Table 4-4: Prediction capacity of rust response discriminant model by cross validation 

according to response phenotype in Eucalyptus globulus and Eucalyptus obliqua 

Species Phenotype Predicted group membership
 a
 Total 

  
Resistant Hypersensitive Susceptible 

 

E. globulus Resistant 12 2 6 20 

 Hypersensitive 5 13 2 20 

 Susceptible 7 3 10 20 

E. obliqua Resistant 8 10 2 20 

 Hypersensitive 2 17 1 20 

 Susceptible 2 8 10 20 

a
 Predicted group based on number of cases correctly classified in cross validation within 

species 
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Figure 4-4: Scatterplot of canonical discriminant functions between rust response 

phenotypes of Eucalyptus globulus with 95% confidence circle and 70% confidence 

ellipse plotted around the canonical mean of each phenotype. Variable vector labels 

according to the variable codes in Table 4-2. 
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Figure 4-5: Scatterplot of canonical discriminant functions between rust response 

phenotypes of Eucalyptus obliqua with 95% confidence circle and 70% confidence 

ellipse plotted around the canonical mean of each phenotype. Variable vector labels 

according to the variable codes in Table 4-2. 
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66.7% of correctly classified cases and 58.3% in the case of E. obliqua. However, no 

predictive power was observed in cross species validation which resulted in 63.3 to 

66.7% of error rates for E. globulus models applied to E. obliqua and vice versa (Table 

4-5). 

 

When canonical discriminant analysis was carried out on just 1,8-cineole and -terpinyl 

acetate, the compounds for myrtle rust resistance identified in E. grandis  E. urophylla 

hybrids, there was no significant separation of the phenotypes in either E. globulus (P = 

0.334) or E. obliqua (P = 0.391), further suggesting the ineffectiveness of the 

transferring biomarkers for rust response phenotypes between Eucalyptus species. 

Analysis of variance also indicated no significant difference in total oil content, total 

mono- and sesquiterpene contents between different rust response phenotypes of studied 

Eucalyptus species except total oil (P = 0.092) and total sesquiterpene (P = 0.029) per 

tissue dry weight of E. globulus. 

 

Discussion 

The key finding of the present work is the identification of unique sets of terpene 

constituents in each Eucalyptus species associated with myrtle rust phenotype. While 

there is significant discrimination using sets of compounds within species there is no 

consistency between species and a discriminant function for one species is ineffective 

when applied to the other. 

 

Differences in terpene profile between Eucalyptus species are well known to be driven 

by variation in terpene synthase enzymes which catalyse the conversion of a small set of 

substrates into ranges of terpene products (Keszei et al. 2008; Külheim et al. 2015). 

Albeit no terpene compounds are found exclusively in Eucalyptus, a considerable 

literature has reported chemotypic variations in foliar terpenes at individual, population 

and species levels (Boland et al. 1991; Brophy and Southwell 2002; Keszei et al. 2008; 

Padovan et al. 2012), resulted in identification of large number of chemotypes in 

Eucalyptus species (Padovan et al. 2014). Chemotypes are defined as discontinuous 

chemical differences between individuals within a population or a plant species that  
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Table 4-5: Prediction capacity of rust response discriminant model by cross validation 

between Eucalyptus globulus and Eucalyptus obliqua 

Species Phenotype Predicted group membership in other species
 a
 Total 

  
Resistant Hypersensitive Susceptible 

 

E. globulus Resistant 20 0 0 20 

 Hypersensitive 20 0 0 20 

 Susceptible 20 0 0 20 

E. obliqua Resistant 14 0 6 20 

 Hypersensitive 17 0 3 20 

 Susceptible 12 0 8 20 

a
 Predicted group based on number of cases correctly classified in cross validation between 

species, i.e. E. globulus fitted model validated by E. obliqua objects and vice versa 
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cannot be distinguished from each other by morphometric properties (Keszei et al. 

2008; Penfold and Willis 1953). Padovan et al. (2014) discovered 175 myrtaceous 

species with more than one chemical form or chemotype, emphasizing the presence of 

foliar terpene diversity within the family and their complexity in responses to local 

environments. Different plant chemotypes of myrtaceous species were revealed to 

establish different levels of ecological interactions with biological agents or insect 

herbivores as evident in Melaleuca quinquenervia (Cav) S.T.Blake (Padovan et al. 

2010) and Melaleuca alternifolia (Maiden & Betche) Cheel (Bustos-Segura et al. 2015). 

M. quinquenervia chemotype dominated by viridiflorol enhanced the oviposition 

preference of psyllid Boreioglycaspis melaleucae Moore (Wheeler and Ordung 2005), 

while E-nerolidol chemotype increased the performance of weevil Oxyops vitiosa 

Pascoe (Wheeler 2006). Larval growth rate of Faex sp. (Coleoptera, Chrysomelidae) 

beetles was found higher in M. alternifolia chemotypes with high concentration of 1,8-

cineole, and chemotypes with high concentration of terpinolene were found less damage 

by Paropsisterna tigrina Chapuis (Bustos-Segura et al. 2015). 

 

Genetic mosaicism (Edwards et al. 1990; Gill 1986; Whitham and Slobodchikoff 1981) 

in Eucalyptus where several chemotypes exist within a single plant (Edwards et al. 

1993; Penfold and Morrison 1936) result from accumulation of somatic mutations. 

Within mosaic trees leaves with much higher concentrations of 1,8-cineole were found 

to be more resistant to several species of Christmas beetles (Anoplognathus spp.) than 

low cineole leaves in Eucalyptus melliodora A.Cunn. ex Schauer and Eucalyptus 

sideroxylon A.Cunn. ex Woolls (Padovan et al. 2012). The monoterpenes 1,8-cineole 

and -pinene appear to be the most common and abundant terpenoids across the 

majority of species in the Myrtaceae (Boland et al. 1991; Brophy et al. 2006; Brophy 

and Southwell 2002; Keszei et al. 2010) except species from the tribes Myrteae, 

Kanieae, Syzygieae, Xanthostemoneae, Syncarpieae and Lindsayomyrteae with 1,8-

cineole replaced by sesquiterpene -caryophyllene, and species from Lindsayomyrteae, 

Metrosidereae and Backhousieae with -pinene substituted by sesquiterpene allo-

aromadendrene as the most abundant terpenes (Padovan et al. 2014). Both 1,8-cineole 

and -pinene have been shown to exhibit antibacterial, antifungal and antiviral activities 

in vitro, and contribute to the bio-activity of foliar essential oil in Eucalyptus-related 
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pharmaceuticals (Elaissi et al. 2012a; Elaissi et al. 2012b; Sebei et al. 2015). Despite 

1,8-cineole being reported to play an important role in defences against insect 

herbivores (Padovan et al. 2012) and browsing marsupials (Lawler et al. 1999; O'Reilly-

Wapstra et al. 2004), Bustos-Segura et al. (2015) discovered that M. alternifolia plants 

with a high concentration of 1,8-cineole were more likely to be infected by A. psidii 

pathogen under controlled environmental conditions. Despite the identification of 1,8-

cineole, along with -terpinyl acetate, as biomarkers for rust-resistant clones in E. 

grandis  E. urophylla hybrids (Hantao et al. 2013b), neither compound was found to 

be associated with resistance in E. globulus and E. obliqua. 

 

Intra- and interspecific variations of plant secondary metabolites can be influenced by 

both genetic and environmental factors (Andrew et al. 2005; Bustos-Segura et al. 2017; 

Külheim et al. 2011; O'Reilly-Wapstra et al. 2014; Potts et al. 2016; Senior et al. 2016) 

which result in the present geographical structure of their distribution. Although several 

studies have shown that E. globulus (ssp. globulus) displays geographically structured 

genetic variation in plant growth and fitness such as wood density and survival 

(Dutkowski and Potts 1999; Potts and Jordan 1994a; Steane et al. 2006), Wallis et al. 

(2011) reported that variation between trees within populations contributed most 

variation in leaf chemistry, followed in importance by variation between geographic 

regions. While concentrations of 1,8-cineole and -pinene were found to exhibit 

variability associated with Eucalyptus subgeneric affiliation and/or geographic location 

(Boland et al. 1991; Steinbauer 2010), Potts et al. (2016) found increasing levels of 1,8-

cineole and -pinene, as well as limonene and pinocarvone in subgenus Symphyomyrtus 

to be associated with greater resistance to myrtle rust relative to subgenus Eucalyptus. 

The existence of a co-evolutionary arms race between Eucalyptus and their local 

browsing herbivores or virulent pathogens may explain the diversification of defensive 

terpene profiles between and within species (Padovan et al. 2014). While natural 

selection may favour reduction or elimination of secondary metabolites considering 

their costs of production (Neilson et al. 2013; Stamp 2003), Eucalyptus species are 

maintaining significant qualitative and quantitative variation in their terpene profiles as 

a viable evolutionary response for survival in a large range of environmental conditions 

(Keszei et al. 2008; Padovan et al. 2014). Nevertheless, no consensus terpene 
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compounds were identified between E. globulus and E. obliqua against the same 

invasive pathogen (A. psidii) in the present study in which both host and pathogen had 

no recent evolutionary connections (Tobias et al. 2016). This finding may due to the 

combined effects of different terpenes or synergistic effects of terpenes in combination 

with other plant metabolites in different Eucalyptus species in producing equivalent 

defensive responses against the pathogen, or the canonical discriminant function 

technique in the present analysis may result in spurious conclusions despite their 

statistical significance. Cross-validation is an extreme test of a fitted model on an 

independent data set and it is difficult to separate the two possible causes. Further to 

this, molecular analyses of genetic differences between rust resistant and susceptible 

phenotypes in Eucalyptus may be of significant in deciphering the resistance 

mechanisms underlying Eucalyptus – A. psidii pathosystem and to provide valuable 

insights into the drivers for resistance. 

 

Conclusion 

The current study has identified six and four unique terpene compounds in E. globulus 

and E. obliqua, respectively, that significantly differentiated between their rust 

response. Despite their significance within species these discriminant functions and 

reported rust resistance biomarkers are ineffective in predicting the rust responses 

between Eucalyptus species. These findings indicate the complexity of Eucalyptus 

defensive chemistry in response to pathogen invasion. Further investigation of the 

molecular mechanisms differing between rust resistant and susceptible phenotypes may 

elucidate the possible role of Eucalyptus foliar terpenes in myrtle rust resistance. 
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Chapter 5 

 

Genome wide association study of myrtle rust (Austropuccinia psidii) 

resistance in Eucalyptus obliqua (subgenus Eucalyptus) 

 

Abstract 

Myrtle rust (Austropuccinia psidii Beenken) is exotic to Australia yet specific resistance 

is present in a range of naïve host myrtaceous plants. Resistance to myrtle rust is 

quantitative in nature and controlled by variation in many genes or multiple interacting 

loci. This study aims to discover relationships between genomic sequence variation and 

multiple resistance traits i.e. numeric severity, binary symptomatic, hypersensitive and 

pustulation response to A. psidii in Eucalyptus obliqua L‟Hér., a representative species 

from subgenus Eucalyptus. This dissection will use a genome wide association study 

(GWAS) to identify novel genomic loci associated with A. psidii resistance in E. 

obliqua, and to gain insight into the role of the previously reported rust resistance loci 

(Ppr1-5) in species from subgenus Symphyomyrtus. A total of 1.13 million single 

nucleotide polymorphisms (SNPs) were genotyped and tested for association with rust 

resistance in 624 phenotyped E. obliqua individuals from different, single mother tree 

seedlots. The analysis detected 33 highly significant SNP-trait associations, of which 26 

associated with the binary trait symptomatic/asymptomatic response to A. psidii. This 

study provides an integrated view of A. psidii resistance resources across Eucalyptus 

subgenera as well as information of trait-associated putative candidate genomic regions. 

These merit further examination towards the discovery of resistance genes and the 

development of marker based resistance breeding programs. 
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Introduction 

Myrtle rust caused by the fungus Austropuccinia psidii Beenken (Beenken 2017; 

previously reported as Puccinia psidii Winter sensu lato or Uredo rangelii J.A.Simpson, 

K.Thomas & C.A.Grgurinovic) poses a major threat to global biodiversity and 

Eucalyptus based forest industries worldwide (Coutinho et al. 1998; Grgurinovic et al. 

2006). The pathogen was first described by Winter in 1884 on infected common guava 

(Psidium guajava L., reported as Psidium pomiferum L.) of the plant family Myrtaceae 

in Brazil (Winter 1884). It is believed to be South American origin (Simpson et al. 

2006) but gained international notoriety by causing severe damage to commercially 

grown allspice (Pimenta dioica (L.) Merr.) in Jamaica and Florida (MacLachlan 1938; 

Marlatt and Kimbrough 1979), guava (Psidium guajava L.) plantations in Brazil (Ferrari 

et al. 1997; Ribeiro and Pommer 2004) and exotic Eucalyptus species in South America 

(Ferreira 1983, 1989; Joffily 1944). A. psidii has a wide host range in the Myrtaceae 

family (Carnegie and Lidbetter 2012; Morin et al. 2012), enabling it, over the past 

decades, to spread rapidly across different continents from South America (Simpson et 

al. 2006) to North America (Marlatt and Kimbrough 1979; Zambino and Nolan 2011), 

Asia (du Plessis et al. 2017; Kawanishi et al. 2009; McTaggart et al. 2016a; Zhuang and 

Wei 2011), Africa (Roux et al. 2013), and Oceania i.e. Australia (Carnegie et al. 2010) 

and New Zealand (Cavill 2017). 

 

Incursion of myrtle rust in Australia with its natural ecosystems dominated by 

Myrtaceae has raised concerns about potentially devastating impacts this exotic 

pathogen may have on the Australian landscape and flora (Carnegie and Cooper 2011). 

A. psidii was first detected in April 2010 at a cut flower growing facility on the central 

coast of New South Wales (Carnegie et al. 2010) before it spread throughout natural 

ecosystems along the east coast of Australia (Carnegie and Lidbetter 2012; Pegg et al. 

2014b) with limited extensions to Victoria, Tasmania and the Northern Territory 

(Carnegie et al. 2016). Preliminary bioclimatic modelling predicted most of the eastern 

coastal areas and northern parts of the Northern Territory are the regions at high risk to 

A. psidii (Booth and Jovanovic 2012; Booth et al. 2000) but a more recent climatic 

niche model indicated a higher degree of cold tolerance for the pathogen and extension 
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of its potential risk to mesic midlands of Victoria and northern extremes of Tasmania 

(Kriticos et al. 2013). 

 

Since the first detection of the rust in Australia, significant research work has been 

conducted under the National Transitional Management Strategy (Plant Health Australia 

2011) to assist in maintaining quarantine protection, improving diagnostic methods and 

developing resistance breeding strategies (Carnegie and Cooper 2011). Although only 

one strain or biotype of A. psidii has been reported to be present in Australia to date 

(Carnegie and Lidbetter 2012; Sandhu et al. 2016) it is vital for Australian biosecurity 

authorities to continue quarantine restrictions to protect against further incursions of 

other strains into the country because a different pathogen strain could have different 

virulence or combine with the existing strain to exacerbate the disease and increase the 

number of species affected (Carnegie and Cooper 2011). As part of the effort for rust 

management, a standardised method for rust screening was established with the 

development of the National Myrtle Rust Screening Facility to assess the threat A. psidii 

poses to Australian native flora and commercial Eucalyptus species (Sandhu and Park 

2013). Disease severity scale and field rating systems (Morin et al. 2012; Pegg et al. 

2012; Sandhu and Park 2013) were also developed for germplasm screening in 

glasshouse and field conditions to evaluate the direct impacts of rust disease on 

Myrtaceae naïve hosts and potential ecological impacts to Australian ecosystems. 

 

For industries relying on Myrtaceae improved species selection and sustainable 

breeding strategy, including production nurseries and plantation forests, depends upon 

continued screening host populations for resistance (Pegg et al. 2014a; Roux et al. 

2015). The deployment of resistant genotypes is an effective way of managing rust 

disease in commercial plantations as highlighted for exotic Eucalyptus in Brazil 

(Miranda et al. 2013; Pinto et al. 2014; Silva et al. 2013). Myrtle rust was found to 

infect 43 exotic Myrtaceae species in Central and South America of which 36 are native 

to Australia, but causes disease in only 28 of more than 1000 potential host species in its 

native range (Simpson et al. 2006). The limited host range of A. psidii in the Americas 

may due to the pathogen having exerted strong selection pressure on the native 

Myrtaceae for many generations, and the indigenous plants had evolved resistance to 
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the pathogen during co-evolution (Helfer 2014; Simpson et al. 2006; Thompson and 

Burdon 1992). While disease control may be achieved by fungicide or chemical 

treatment (Coutinho et al. 1998; Glen et al. 2007; Martins et al. 2011), selection of 

resistant species or development of resistant cultivars/clones has been a priority for rust 

management in Eucalyptus plantations across South America (Dianese et al. 1986; 

Ferreira 1989; Furtado and Marino 2003; Xavier et al. 2001). 

 

After their introduction into new environments pathogens are frequently far more 

virulent on naïve hosts an observation reported for many non-native tree pathogens, 

with often devastating effect on native species (Carnegie et al. 2016; Glen et al. 2007). 

Native pathogens affecting exotic trees or exotic pathogens introduced to new areas 

often have little apparent impact in the early stages of an epidemic (Bright 1998). The 

initial low levels of disease may reflect the incubation period of the pathogen prior to 

multiplication of virulent genotype(s) (Wingfield et al. 2001). While major ecological 

impacts and large scale tree mortality have not yet been attributed to A. psidii in 

Australia, studies show that the pathogen is severely affecting key species in some 

natural ecosystems i.e. rainforest understorey species Rhodamnia rubescens (Benth.) 

Miq. (brush turpentine) and Rhodomyrtus psidioides (G.Don) Benth. (native guava), and 

wetland species Melaleuca quinquenervia (Cav.) S.T. Blake, and the susceptible host 

range is expanding as the fungus becomes established in new geographic regions 

(Carnegie and Cooper 2011; Carnegie et al. 2016; Carnegie and Lidbetter 2012; Morin 

et al. 2012; Pegg et al. 2014b). Although the Eucalyptus forest dependent industries 

have not yet been severely affected (Carnegie 2015), the essential oil industry, 

particularly that based on lemon myrtle (Backhousia citriodora F. Muell.), has been 

significantly impacted with infection of immature leaves and shoots causing substantial 

branch defoliation, shoot dieback and stunted growth of infected plants (Carnegie and 

Cooper 2011; CRC Plant Biosecurity 2016). Following the first incursion of myrtle rust 

in 2010, screening for resistant genotypes across Myrtaceae species in glasshouse and 

field conditions has been ongoing in Australia (Carnegie and Lidbetter 2012; Morin et 

al. 2012; Pegg et al. 2014a; Pegg et al. 2014b). International forest industries, especially 

those relying on Australian Eucalyptus, may also benefit from adoption of resistant 

germplasm developed through the screening programs in Australia. 
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Primarily driven by the aims of reducing losses due to the disease and resistance 

breeding in plantation forests and to understand the inheritance and genetic architecture 

of myrtle rust resistance in Eucalyptus species a number of quantitative genetic and 

association studies have been conducted (Alves et al. 2012; Butler et al. 2016; Mamani 

et al. 2010; Thumma et al. 2013). The first quantitative genetic study of myrtle rust 

resistance was carried out on Eucalyptus grandis W. Hill ex Maiden, an Australian 

species from subgenus Symphyomyrtus widely grown for timber, charcoal production 

and pulp in many parts of the world (Junghans et al. 2003a). With its whole genome 

sequenced and released (Myburg et al. 2014) and because of its international economic 

importance, E. grandis is currently recognised as a model species in the Eucalyptus 

genus (Neale and Kremer 2011) providing a powerful tool for comparative biology and 

genetic improvement, e.g. disease resistance, for the genus. A major quantitative trait 

locus (QTL) for A. psidii resistance, named Ppr1, was first identified using a large full-

sib family of E. grandis using bulked segregant analysis (Junghans et al. 2003a). This 

study suggested a simple genetic architecture with a large proportion of myrtle rust 

resistance variation might be controlled by a small number of genes with relatively large 

effects. The Ppr1 locus was identified on linkage group 3 using a microsatellite 

reference map for Eucalyptus (Brondani et al. 2006), and subsequently validated by 

association genetics in additional families from independent crosses between E. grandis 

and other Eucalyptus species, i.e. Eucalyptus tereticornis Sm. and Eucalyptus 

camaldulensis Dehnh. (Mamani et al. 2010). Analysis of gene expression in E. grandis 

indicated two possible responses may be involved in the host defense against A. psidii, 

viz. cellular polarisation and systemic resistance mechanisms, with the genes for the 

respective mechanisms differentially expressed between rust resistant and susceptible 

phenotypes (Moon et al. 2007). 

 

E. grandis clones with favourable alleles at the Ppr1 locus have since been selected and 

deployed in areas prone to rust disease in Brazil (Labate et al. 2009) and this has been 

an effective strategy to date in minimizing rust losses. A more recent study has found 

that previously resistant clones are being infected by a new race of rust pathogen in the 

later stages of cultivation (Graça et al. 2011) with this failure of Ppr1 triggering the 
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need for new investigations and discovery of genes underlying the genetic control of 

rust resistance in Eucalyptus. Alves et al. (2012) discovered additive (major gene) and 

non-additive (epistatic) effects in hybrids between E. grandis, E. camaldulensis, E. 

tereticornis, Eucalyptus globulus Labill., Eucalyptus dunnii Maiden and Eucalyptus 

urophylla S.T. Blake suggesting complexity in Eucalyptus – A. psidii interactions. 

Further analysis indicates rust resistance is quantitative in nature, controlled by multiple 

genes of variable effect rather than simple as indicated in the early linkage studies 

(Santos et al. 2014; Thumma et al. 2013). In silico searches for potential markers or 

candidate genes in the E. grandis reference genome found a large number of nucleotide-

binding leucine-rich repeat (NB-LRR) coding sequences, the major class of plant 

resistance genes (Dodds and Rathjen 2010; Fluhr 2001), in genomic regions associated 

with resistance (Thumma et al. 2013; Tobias 2012). Comparison of allele frequencies 

between rust resistant and susceptible gene pools of E. globulus found numerous single 

nucleotide polymorphism (SNP) markers with modest effects, with some of these 

located in NB-LRR resistance genes in the vicinity of the Ppr1 locus (Thumma et al. 

2013). Most recently, QTL analysis using a binary response classification in E. globulus 

identified new QTLs underlying different resistance mechanisms against A. psidii, with 

two QTLs (Ppr2 and Ppr3) influencing the symptomatic response (whether a plant 

exhibited disease symptoms), and two (Ppr4 and Ppr5) influencing the presence or 

absence of a hypersensitive reaction (Butler et al. 2016). 

 

With the advent of high-throughput genotyping assays and the decreasing cost of 

sequencing technologies (Elshire et al. 2011; Goodwin et al. 2016; Metzker 2010; Wang 

et al. 2014), association mapping using high density genome wide markers, or genome 

wide association study (GWAS), has become a viable method for the dissection of 

complex trait variation in plants (Huang et al. 2012; Kump et al. 2011; Wen et al. 2015; 

Zhu et al. 2008). GWAS exploits historical recombination events accumulated over 

multiple generations in natural populations detecting associations between phenotypes 

(observable characteristics) of interest and the genotypes (genetic constitution or DNA 

sequence variants) of studied organisms (Nordborg and Weigel 2008). To avoid 

discovery of false marker-trait associations such studies require adequate assessment 

and accuracy of population structure (Kang et al. 2008; Larsson et al. 2013; Stich et al. 
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2008; Yu et al. 2006). GWAS has been successfully applied in QTL mapping for 

diverse traits in many plant species of economic importance such as oat, maize, wheat, 

barley and rice (Klos et al. 2017; Lipka et al. 2013; Maccaferri et al. 2015; Wang et al. 

2012; Zhao et al. 2011). 

 

The first GWAS in forest trees investigated wood characteristics (Porth et al. 2013), and 

other ecological important traits i.e. biomass, ecophysiology and phenology traits 

(McKown et al. 2014) in Populus trichocarpa Torr. & A. Gray ex. Hook. (poplar or 

black cottonwood), a species of high economic and ecological value in North America 

and in plantations in temperate regions around the world (Cronk 2005; Rae et al. 2007; 

Tuskan et al. 2006). These investigations yielded numerous SNPs underlying wood 

chemistry and ultrastructure traits as well as other ecological trait variation in natural 

populations of P. trichocarpa (McKown et al. 2014; Porth et al. 2013), indicating that 

complex traits in forest trees are controlled by abundant sequence variants across the 

genome, each with minor contributions to the phenotypic variance. GWAS in 

Eucalyptus have reported on wood property traits viz. diameter growth and lignin 

composition in E. globulus (Cappa et al. 2013), growth traits in Eucalyptus benthamii 

Maiden & Cambage and Eucalyptus pellita F. Muell. (Müller et al. 2017), and multiple 

productivity traits including disease resistance in E. grandis  E. urophylla hybrids 

(Resende et al. 2017b). In candidate gene base studies have also reported associations 

between candidate gene polymorphisms and wood traits (Denis et al. 2013; Mandrou et 

al. 2012; Thavamanikumar et al. 2014; Thumma et al. 2009; Thumma et al. 2005). 

While GWAS have discovered many marker- or SNP-trait associations for potential 

gene discovery in Eucalyptus, recent studies also emphasised regional heritability or 

genomic relationship mapping to uncover rare genetic variants and identify true QTLs 

with considerably lower rates of false positives and larger fractions of explained 

variance (Müller et al. 2017; Resende et al. 2017b). 

 

Although QTL analyses and association mapping for rust resistance have received 

increasing attention in Eucalyptus, the existing studies have mainly focused on species 

from subgenus Symphyomyrtus, as reported lately for A. psidii resistance in E. globulus 

(Butler et al. 2016) and E. grandis  E. urophylla hybrids (Resende et al. 2017b). There 
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has been no study to date in this regard for any species from next largest subgenus 

Eucalyptus, a lineage which has diverged from their common ancestor with 

Symphyomyrtus at about 33 – 35 million years ago (Grattapaglia et al. 2012; Thornhill 

et al. 2015) based on the estimation of divergence times using a relaxed molecular clock 

calibrated with reliable fossil record (Bell et al. 2010; Drummond et al. 2006). The 

objectives of the present study are to use GWAS to identify genome-wide QTLs 

underlying resistance responses of Eucalyptus obliqua L‟Hér. to A. psidii. Following 

this dissection the respective QTL regions will be compared to those reported in other 

Symphyomyrtus species i.e. E. globulus and E. grandis. These findings will be used to 

enhance our understanding of the commonalty of underlying rust resistance QTL across 

Eucalyptus subgenera and may shed light on the potential mechanisms that underlie 

resistance responses to A. psidii in Eucalyptus. 

 

Materials and Methods 

Plant material 

A sample of 1073 E. obliqua individuals phenotyped as described in Chapter 2. In brief, 

a total of 818 E. obliqua seedlots comprising single mother-parent open pollinated 

families and multiple-parent bulks were collected from widely spread native 

populations with regenerated individuals from 624 single mother tree seedlots were 

assessed for phenotypic rust response. E. obliqua seeds were imbibed in clean water for 

28 days prior to sowing in 40-celled hyco trays for designated rust screening trial (Batch 

8). The regenerated seedlings were irrigated twice daily and grown in glasshouse 

conditions in HVP Plantations in Gippsland, Victoria for 12 weeks prior to dispatch to 

Plant Breeding Institute (PBI) in University of Sydney, Cobbitty, for rust inoculation 

and screening. 

 

Rust inoculation 

E. obliqua seedlings were evaluated for phenotypic rust response using artificial 

inoculation in controlled conditions. In brief, the seedlings were inoculated with A. 

psidii urediniospores derived from a single uredinium multiplied on highly susceptible 

host plant Syzygium jambos L. (Alston) in an accredited inoculation chamber in PBI 

using a fine mist spray on adaxial and abaxial leaf surfaces. The rust inoculum was 
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prepared from PBI collection rust culture no. 622 with concentration of 2.0 mg 

urediniospores suspended in 1.0 ml of light mineral oil (Univar Solvent L Naphtha 100, 

Univar Australia Pty Ltd) and the inoculation was performed according to the protocol 

described by Sandhu and Park (2013). The inoculated seedlings were maintained at 22  

2 °C in a naturally lit microclimate room prior to disease assessment at 14 days post-

inoculation. 

 

Phenotyping and variance component estimation 

E. obliqua seedlings were assessed for the severity of A. psidii symptoms on new shoots 

and leaves using a continuous/quantitative disease scale developed by Sandhu and Park 

(2013) with the following ratings: 0 = no visible sign of infection (highly resistant); 1 = 

presence of mild hypersensitive reaction with highly restricted pustule, fleck and 

necrosis (resistant); 2 = hypersensitive reaction with restricted pustule, chlorosis and 

necrosis (moderately resistant); 3 = small to medium sized pustules in low frequency 

and may be presence of chlorosis (moderately susceptible); 4 = fully developed pustules 

on leaves in medium to high frequency (susceptible); 5 = abundance of fully developed 

pustules on leaves, twigs and buds (very susceptible). The seedlings were also grouped 

into categories of binary rust response as follows: symptomatic (presence or absence of 

disease symptoms); hypersensitive (presence or absence of hypersensitive reactions 

with exclusion of asymptomatic response); and pustulation (presence or absence of 

developed pustules with exclusion of asymptomatic response). The above disease 

assessment resulted in four response traits (one numeric and three binary) to A. psidii in 

E. obliqua inoculated seedlings, and the genetic variation in individual plant for each 

trait was estimated as a BLUP (best linear unbiased prediction) to produce a phenotype 

file using the following mixed model fitted with ASReml version 3 (Gilmour et al. 

2009) in R software version 3.3.0 (R Core Team 2016): 

 

y =  + District + ped(Genotype) + Residuals 

 

where y is the observation of rust response in numeric score or binary trait frequency for 

the seedling and  is the overall mean. The model was fitted with forest district treated 
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as a fixed effect, and individual (genotype) associated with a flat pedigree listing known 

mother tree applied as a random effect. 

 

Genetic material 

Prior to rust inoculation and disease assessment leaf samples from all individuals to be 

phenotyped were harvested and stored on silica gel (Chem-Supply). Of these, one 

individual per seedlot was randomly selected from each of the 624 E. obliqua seedlots 

for genotyping and GWAS analysis. Genomic DNA was extracted from the stored 

leaves of the selected individuals using a CTAB (cetyltrimethylammonium bromide) 

protocol (Doyle and Doyle 1990) with modification described by Tibbits et al. (2006). 

The DNA was precipitated by adding isopropanol, followed by washing of the pellet 

with 70% ethanol, and resuspension in Buffer EB (Qiagen) or 10 mM tris-HCl (pH 8.0) 

to avoid EDTA (ethylenediaminetetraacetic acid) in the final preparation. Purified DNA 

was quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific) or NanoDrop 

ND-1000 spectrophotometer (Thermo Fisher Scientific) and assessed for quality by 

agarose gel electrophoresis. Multiple extractions were performed as necessary to obtain 

sufficient DNA for genomic library preparation. 

 

Genotyping by whole genome shotgun sequencing 

Genomic library preparations were performed using Nextera DNA Library Preparation 

Kit (Illumina) in 96-well half-skirt PCR microplates (Axygen Scientific). Double-

stranded genomic DNA with absorbance ratio values of 1.8 – 2.0 was used as input for 

the Nextera tagmentation reaction involving DNA fragmentation and tagging. 

Tagmented DNA was treated with 0.6% SDS (sodium dodecyl sulfate) for dissociation 

from the Nextera transposome replacing the column cleanup recommended in the 

manufacturer protocol, followed by library amplification using Nextera Index 1 (i7) and 

Index 2 (i5) adapters with a limited-cycle PCR program on a Stratagene Mx3005P
TM

 

qPCR system (Agilent Technologies). The thermal profile was set as follows: 72 °C for 

3 min; 98 °C for 30 sec; and 5 cycles of 98 °C for 10 sec, 63 °C for 30 sec and 72 °C for 

3 min. SYBR Green I (Thermo Fisher Scientific) in 1:1000 dilution was added to the 

PCR mixtures for monitoring the amplification process via detection of fluorescent 

signal caused by the binding of SYBR Green dye to PCR product (double-stranded 
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DNA). Amplified libraries were pooled and purified with MinElute PCR Purification 

Kit (Qiagen) or AMPure XP SPRI (Solid Phase Reversible Immobilisation) 

paramagnetic beads (Agencourt, Beckman Coulter) according to manufacturers‟ 

instructions. Purified library pools were then subjected to size selection using agarose 

gel electrophoresis by excising the DNA fragments within the desired size range, i.e. 

300 – 450 base pairs (bp). The excised libraries were extracted from gel slices with 

QIAquick Gel Extraction Kit (Qiagen) prior to quality assessed with High Sensitivity 

D1000 ScreenTape using a 2200 TapeStation system (Agilent Technologies). Prepared 

libraries were subsequently sequenced using a HiSeq 2000 Sequencing System 

(Illumina) at the Department of Economic Development, Jobs, Transport and Resources 

(DEDJTR), Centre for AgriBioscience (AgriBio), Bundoora. 

 

Sequence filtering, annotation and alignment 

The data generated from E. obliqua whole genome sequencing were called and curated 

using standard Illumina pipeline software, and the raw sequence reads were quality 

filtered with nuclear v3.2.6 (Gydle Inc., Montreal, Canada). The filtered reads were 

aligned using nuclear (Gydle) to a reference resolved E. obliqua sequence developed 

from alignment and resolve v2.6.16 (Gydle) using reads from a previous Eucalyptus 

Genome Project (Bayly et al. 2013) and the E. grandis reference genome (Myburg et al. 

2014) as the initiating sequence. SNP variants were discovered using find-snp v2.6.16 

(Gydle) and custom Perl and awk scripts, followed by genotype calling with custom 

Perl scripts. Variants were output in a VCF (Variant Call Format) version 4.2 genotype 

file. SNP calls for all the E. obliqua sequenced genotypes were filtered and converted to 

Hapmap format using a custom Perl scripts incorporating the following criteria: minor 

allele frequency (MAF) greater than 0.05; missing data less than 20%; and chromosome 

positions based on previously mapped E. grandis reference genome (v2 

www.phytozome.net; Myburg et al. 2014). 

 

Linkage disequilibrium (LD) analysis and genome wide association study (GWAS) 

Principle component analysis (PCA) used JMP Genomics v.7, PCA for Population 

Stratification option (SAS Institute 2014) to access the level of genetic structure of the 

E. obliqua genotypes. Linkage disequilibriums (LDs) of all SNP pairs on each 
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chromosome were computed as the square allele frequency correlation coefficient (r
2
) 

and the genome-wide LD decay was analysed by plotting r
2
 from all 11 chromosomes 

against the corresponding pairwise physical distances (bases) using Trait Analysis by 

Association, Evolution and Linkage (TASSEL) version 3.0.169 (Bradbury et al. 2007). 

Rust resistance SNP-marker association analysis was performed using Genome 

Association and Prediction Integrated Tool (GAPIT; Lipka et al. 2012; Tang et al. 2016) 

implemented in R statistical software with the input phenotype and genotype files. The 

P values (–log10 P) for each SNP were exported from GAPIT to generate Manhattan 

plots according to the respective linkage groups for each rust response (numeric and 

binary) trait of their raw and BLUP phenotypes. GWAS was also performed in 

TASSEL version 5.2.15 using the mixed linear model (MLM) function to confirm the 

results obtained with GAPIT. Significance of genome-wide associations between SNP 

markers and rust responses was analysed at –log10 P > 6.0, and the plots and data 

handling were performed with the open-source statistical programming environment R. 

 

Quantitative trait loci (QTLs) analysis 

The significant SNPs for rust resistance in E. obliqua were identified by gene accession 

search and BLAST of nucleotide sequences against the E. grandis reference genome 

(Myburg et al. 2014) for 5 kilobase pairs (kbp) up- and downstream of the lead SNPs 

(v2 www.phytozome.net), and the positional candidate genes for the putative rust 

resistance QTL were plotted against reference-sequenced physical map (Hudson et al. 

2014; Hudson et al. 2012). For comparison of genetic rust resistance across Eucalyptus 

subgenera (i.e. between Symphyomyrtus and Eucalyptus with c. 33 – 35 million years of 

estimated divergence time), genes reported to be involved in myrtle rust resistance in 

Symphyomyrtus species viz. Ppr1 in E. grandis (Junghans et al. 2003a), and Ppr2, Ppr3, 

Ppr4 and Ppr5 in E. globulus (Butler et al. 2016), were placed on the physical map for 

Eucalyptus (v2 www.phytozome.net) and thoroughly compared with the putative rust 

resistance QTL generated from the present study for E. obliqua of subgenus Eucalyptus. 

 

Results 

A total of 1,131,254 SNPs were tested for association in GWAS with the phenotypic 

traits numeric disease severity and binary symptomatic score, and 1,131,146 SNPs for 
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binary hypersensitive and pustulation responses to myrtle rust. The average, genome-

wide LD for SNPs (MAF > 0.05) spaced with uniform 20 bp physical intervals from 0 

to 1000 bp was calculated and a decreasing trend of LD decay to an r
2
 below 0.075 

within 100 bp was observed (Figure 5-1). Association mapping based on the rust 

responses revealed 33 significant SNPs (–log10 P > 6.0) with most of the markers 

associated with the binary symptomatic (26 markers) and pustulation (5 markers) traits. 

The rust response – SNP associations, especially for binary symptomatic response, were 

distributed across all chromosomes. Of the 26 significant markers associated with the 

binary symptomatic trait, five markers were located on each of chromosomes 3 and 4, 

four markers on chromosome 8, and three or fewer on each of the other chromosomes. 

Furthermore, five markers, all on different chromosomes, viz. 3, 5, 6, 9 and 11, were 

significantly associated with pustulation response to myrtle rust, but only one 

significant marker was found associated with hypersensitive and numeric severity trait 

(Table 5-1). 

 

A visual summary of GWAS results and genomic positions of the QTLs is provided in 

Manhattan plots for binary symptomatic (Figure 5-2), hypersensitive (Figure 5-3) and 

pustulation (Figure 5-4), and numeric severity (Figure 5-5) traits. In the MLM analysis, 

most P values were consistent with the expectation along the diagonal in the quantile-

quantile (Q-Q) plot (Figure 5-6), indicating suitability of the proposed GWAS model. 

Sequence similarity searches using BLAST for flanking sequences of 5 kbp up- and 

downstream of the significant SNP positions revealed 85% of protein accessions hits 

against the E. grandis reference genome. As the completed genome information of E. 

obliqua was not available at the time of writing, 15% of the searched sequences (five 

significant SNPs) had no hits to any known proteins in the Phytozome database and 

their proximate regions were further examined for potential candidate genes. The 

majority of queries identified hypothetical proteins, with predicted functions not known 

to be related to defences against pathogens but amongst the hits were also a number 

with putative defence functions, including enzyme kinases or transferases, proteases or 

hydrolases, nucleotide-binding proteins, and transcription factors. Thus a possible 

function of the predicted proteins and transcription factors, as well as the 

uncharacterised proteins, in responses to myrtle rust disease cannot be ruled out. 
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Figure 5-1: Genome-wide pattern of linkage disequilibrium (LD) decay for Eucalyptus 

obliqua up to 1000 bp pairwise SNP distances estimated by r
2
 (y-axis) along physical 

distance in bases (x-axis). 
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Table 5-1: Significant SNP markers (–log10 P > 6.0) associated with binary and 

numeric responses to myrtle rust in Eucalyptus obliqua 

Trait SNP Chromosome Position P value 

Binary     

Symptomatic A-0493:16014220-

16318932:15_228650 

1 16242869 2.99E-07 

Symptomatic B-2072:48515807-

48713237:2:1_77578 

2 48593384 3.25E-07 

Symptomatic B-2390:57501503-

57592459:6:1_87465 

2 57588967 3.93E-07 

Symptomatic C-0835:19886015-

19910485:1:1_67031 

3 19953045 3.69E-07 

Symptomatic C-2263:46421453-

46447151:2:2_71497 

3 46492949 9.36E-07 

Symptomatic C-2324:47586955-

47630737:1_24634 

3 47611588 2.53E-08 

Symptomatic C-2542:51401024-

51449710:1_19512 

3 51420535 5.65E-07 

Symptomatic C-2883:58539653-

58549142:1_3711 

3 58543363 1.69E-10 

Symptomatic D-0113:7383739-

7648802:2_17332 

4 7401070 1.84E-07 

Symptomatic D-0113:7383739-

7648802:2_17799 

4 7401537 4.13E-07 

Symptomatic D-0135:9060248-

9248130:01:1_114317 

4 9174564 3.20E-07 

Symptomatic D-0167:11236075-

11319024:6_261128 

4 11497202 7.59E-07 

Symptomatic D-0167:11236075-

11319024:6_261405 

4 11497479 7.39E-08 

Symptomatic E-0020:1609620-

1927068:02_57809 

5 1667428 9.77E-07 

Symptomatic E-0186:9136922-

9162100:3_41456 

5 9178377 9.74E-07 

Symptomatic E-1551:40581074-

40639660:2:3_11181 

5 40592254 7.28E-07 

Symptomatic F-0858:18322528-

18941438:21:1_59705 

6 18382232 1.66E-11 

Symptomatic G-0471:19842480-

20168842:07:1_56247 

7 19898726 2.36E-07 
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Table 5-1 (Continued) 

Binary     

Symptomatic H-1341:33657450-

33852066:17_48192 

8 33705641 7.44E-07 

Symptomatic H-1341:33657450-

33852066:17_156298 

8 33813747 2.33E-07 

Symptomatic H-1578:48181307-

48617281:2:1_34396 

8 48215702 7.74E-07 

Symptomatic H-1989:69881161-

70039865:10:1_113033 

8 69994193 1.16E-07 

Symptomatic I-1048:25682769-

25837187:06:1_43196 

9 25725964 7.65E-07 

Symptomatic I-1160:29181065-

29251304:1_50051 

9 29231115 7.31E-08 

Symptomatic J-0090:6687135-

6789860:2:1_24108 

10 6711242 8.17E-07 

Symptomatic K-1305:42564204-

42648801:1:1_110921 

11 42675124 2.69E-08 

Hypersensitive H-1984:69170890-

69486670:26_88228 

8 69259117 9.48E-07 

Pustulation C-0086:1310624-

1357885:1:2_22972 

3 1333595 9.78E-07 

Pustulation E-3192:68529069-

68573608:4_169478 

5 68698546 9.98E-07 

Pustulation F-1419:42202565-

42276296:4_214376 

6 42416940 1.13E-07 

Pustulation I-1372:36826879-

37016685:11_78590 

9 36905468 3.50E-07 

Pustulation K-1169:37682931-

37903253:3:1_239310 

11 37922240 9.27E-08 

Numeric     

Severity G-1052:30959770-

30982295:1:1_121518 

7 31081287 8.57E-07 
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Figure 5-2: Manhattan plot of the genome wide association study (GWAS) results for 

the binary symptomatic response of Eucalyptus obliqua to Austropuccinia psidii based 

on the –log10 P value (y-axis) along the 11 Eucalyptus chromosomes (x-axis). The blue 

horizontal line at –log10 (1×10
-5

) indicates the suggestive association level and the red 

horizontal line at –log10 (5×10
-8

) corresponds to the genome wide significant threshold. 

SNPs at contigs C-2324 and C-2883 on chromosome 3, F-0858 on chromosome 6, and K-

1305 on chromosome 11 exceed the predefined level of significant threshold. 
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Figure 5-3: Manhattan plot of the genome wide association study (GWAS) results for 

the binary hypersensitive response of Eucalyptus obliqua to Austropuccinia psidii based 

on the –log10 P value (y-axis) along the 11 Eucalyptus chromosomes (x-axis). The blue 

horizontal line at –log10 (1×10
-5

) indicates the suggestive association level. Only few 

SNPs on chromosome 6, 8, 9 and 10 exceed the suggestive threshold. 
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Figure 5-4: Manhattan plot of the genome wide association study (GWAS) results for 

the binary pustulation response of Eucalyptus obliqua to Austropuccinia psidii based on 

the –log10 P value (y-axis) along the 11 Eucalyptus chromosomes (x-axis). The blue 

horizontal line at –log10 (1×10
-5

) indicates the suggestive association level and the red 

horizontal line at –log10 (5×10
-8

) corresponds to the genome wide significant threshold. 

SNPs at contigs F-1419 on chromosome 6, I-1372 on chromosome 9, and K-1169 on 

chromosome 11 close to the predefined level of significant threshold. 
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Figure 5-5: Manhattan plot of the genome wide association study (GWAS) results for 

the numeric severity response of Eucalyptus obliqua to Austropuccinia psidii based on 

the –log10 P value (y-axis) along the 11 Eucalyptus chromosomes (x-axis). The blue 

horizontal line at –log10 (1×10
-5

) indicates the suggestive association level. Only few 

SNPs on chromosome 1, 2, 3, 6, 7 and 11 exceed the suggestive threshold. 
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Figure 5-6: Quantile-quantile (Q-Q) plots for genome wide association study (GWAS) 

results for binary symptomatic (a), hypersensitive (b), pustulation (c), and numeric 

severity (d) responses of Eucalyptus obliqua to Austropuccinia psidii. The Q-Q plot is 

used to assess the number and magnitude of observed associations between genotyped 

SNPs and the trait under study, compared to the association statistics expected under the 

null hypothesis of no association (Tang et al. 2016). The departure from the 1-1 line in a 

and c and the under line in b and d indicates that background patterns have not been 

well controlled in these models. 
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Table 5-2 to 5-5 summarises the potential candidate genes for different response (binary 

and numeric) traits to A. psidii and their physical location on E. grandis reference 

genome and putative function resulting from Phytozome functional annotations. 

 

A number of the annotated genes in symptomatic response to A. psidii, i.e. 

Eucgr.B03282, Eucgr.C02701, Eucgr.D00643, and Eucgr.E00159, were identified as 

having sequence similarities with classical defence response genes such as protein 

domains containing leucine rich repeats (LRR) and receptor like protein kinases (RLK) 

including serine/threonine protein kinase and brassinosteroid (BR)-signaling kinase 

(Table 5-2). One of the LRR-containing genes (C-2542:51401024-51449710:1_19512) 

was located within the confidence interval of Ppr1, the previously published major 

locus for A. psidii resistance in E. grandis (Alves et al. 2012; Junghans et al. 2003a; 

Mamani et al. 2010). None of the candidate genes for binary rust responses in E. 

obliqua overlap with reported QTL underlying the immune (Ppr2 and Ppr3) and 

hypersensitive (Ppr4 and Ppr5) responses in E. globulus to A. psidii (Butler et al. 2016). 

It is worth noting that the only significant SNP associated with numeric disease severity 

(G-1052:30959770-30982295:1:1_121518) in the present study was situated within the 

identified Ppr3 region. Figure 5-7 illustrates the position of significant SNP markers for 

rust responses in E. obliqua on the reference-sequenced physical map, and the published 

major QTLs (Ppr1 to Ppr5) were included in the map for basic comparison of genetic 

architecture in myrtle rust resistance between species from subgenus Eucalyptus and 

Symphyomyrtus. 

 

Discussion 

This study provides the first report of QTL influencing susceptibility to A. psidii in E. 

obliqua, a representative species from subgenus Eucalyptus. It follows the earlier 

identification of myrtle rust resistance QTLs in species or hybrids of subgenus 

Symphyomyrtus i.e. E. grandis (Junghans et al. 2003a; Mamani et al. 2010), E. globulus 

(Butler et al. 2016) and interspecific hybrids (Alves et al. 2012; Rosado et al. 2010). 

The first major effect QTL, Ppr1 (Junghans et al. 2003a), was identified in E. grandis 

on chromosome 3 and validated in unrelated pedigrees (Alves et al. 2012; Junghans et 

al. 2003a; Mamani et al. 2010; Rosado et al. 2010). Subsequent, investigations have 
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Table 5-2: Results of the putative candidate genes associated with binary symptomatic 

response of Eucalyptus obliqua to Austropuccinia psidii identified by in-silico searching 

of the significant SNP markers of 10 kbp physical nucleotide region with Eucalyptus 

grandis reference genome using Phytozome 

SNP marker 
a
 Annotated gene 

b
 Physical location 

c
 Putative function 

d
 

A-0493:16014220-

16318932:15_228650 

Eucgr.A01051 Chr01: 30751860-

30756050 forward 

Scarecrow-like protein 

21 

 Eucgr.A01052 Chr01: 30752606-

30753109 reverse 

Uncharacterised protein 

 Eucgr.A01053 Chr01: 30756757-

30759031 reverse 

WRKY transcription 

factor 1 

B-2072:48515807-

48713237:2:1_77578 

Eucgr.B02655 Chr02: 46521866-

46524220 forward 

Tartrate-resistant acid 

phosphatase type 5 

 Eucgr.B02656 Chr02: 46526813-

46530499 forward 

Tartrate-resistant acid 

phosphatase type 5 

 Eucgr.B02657 Chr02: 46534255-

46538214 forward 

Tartrate-resistant acid 

phosphatase type 5 

 Eucgr.B02658 Chr02: 46537698-

46543765 reverse 

Procollagen-proline 3-

dioxygenase / Prolyl 3-

hydroxylase 

B-2390:57501503-

57592459:6:1_87465 

Eucgr.B03282 Chr02: 54001909-

54004975 forward 

Plant intracellular Ras-

group-related LRR 

protein 1 

 Eucgr.B03283 Chr02: 54000171-

54000898 forward 

Uncharacterised protein 

C-0835:19886015-

19910485:1:1_67031 

Eucgr.C01270 Chr03: 16743972-

16747061 forward 

Rac-like GTP-binding 

protein ARAC7 

 Eucgr.C01271 Chr03: 16730686-

16738619 forward 

WD repeat, SAM and 

U-box domain-

containing protein 1 

C-2263:46421453-

46447151:2:2_71497 

Eucgr.C02440 Chr03: 47773914-

47782507 reverse 

BNR/Asp-box repeat 

family protein 

C-2324:47586955-

47630737:1_24634 

Eucgr.C02498 Chr03: 49963703-

49971576 forward 

Nucleoid-associated 

protein YbaB 
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Table 5-2 (Continued)   

C-2542:51401024-

51449710:1_19512 

Eucgr.C02699 Chr03: 55311802-

55312225 reverse 

Uncharacterised protein 

 Eucgr.C02701 Chr03: 55322371-

55322778 forward 

Leucine-rich repeat-

containing protein 

C-2883:58539653-

58549142:1_3711 

Eucgr.C03099 Chr03: 62400139-

62400981 reverse 

Uncharacterised protein 

D-0113:7383739-

7648802:2_17332 

Eucgr.D00405* Chr04: 7629182-

7629604 reverse 

Senescence regulator 

D-0113:7383739-

7648802:2_17799 

Eucgr.D00405* Chr04: 7629182-

7629604 reverse 

Senescence regulator 

D-0135:9060248-

9248130:01:1_114317 

Eucgr.D00517 Chr04: 9668182-

9669366 forward 

Cysteine protease 

 Eucgr.D00518 Chr04: 9672026-

9673606 forward 

Peptidase C1-like 

family 

 Eucgr.D00519 Chr04: 9674246-

9677556 reverse 

50S ribosomal protein 

L34, chloroplastic 

D-0167:11236075-

11319024:6_261128 

Eucgr.D00643 Chr04: 11913955-

11921430 forward 

Non-specific 

serine/threonine protein 

kinase 

 Eucgr.D00644 Chr04: 11922717-

11925525 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00645 Chr04: 11930063-

11932890 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00646 Chr04: 11937893-

11940157 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00647 Chr04: 11944018-

11946829 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00648 Chr04: 11953594-

11955751 reverse 

Alpha/beta hydrolase 

fold-containing protein 

D-0167:11236075-

11319024:6_261405 

Eucgr.D00643 Chr04: 11913955-

11921430 forward 

Non-specific 

serine/threonine protein 

kinase 

    



Chapter 5                                                                                                              GWAS of rust resistance      

 

157 
 

   

Table 5-2 (Continued)   

 Eucgr.D00644 Chr04: 11922717-

11925525 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00645 Chr04: 11930063-

11932890 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00646 Chr04: 11937893-

11940157 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00647 Chr04: 11944018-

11946829 reverse 

Alpha/beta hydrolase 

fold-containing protein 

 Eucgr.D00648 Chr04: 11953594-

11955751 reverse 

Alpha/beta hydrolase 

fold-containing protein 

E-0020:1609620-

1927068:02_57809 

Eucgr.E00158 Chr05: 1703771-

1705327 forward 

Uncharacterised protein 

 Eucgr.E00159 Chr05: 1707006-

1711455 reverse 

BR-signaling kinase 3 

 Eucgr.E00160 Chr05: 1713379-

1713945 reverse 

Uncharacterised protein 

 Eucgr.E00161 Chr05: 1719002-

1719535 reverse 

Uncharacterised protein 

E-0186:9136922-

9162100:3_41456 

Eucgr.E00873 Chr05: 9189214-

9196393 forward 

Dynamin-related 

protein 1A 

 Eucgr.E00874 Chr05: 9196748-

9200726 forward 

Triglyceride lipase 

 Eucgr.E00875 Chr05: 9202971-

9204134 reverse 

Calcineurin B subunit 

(protein phosphatase 

2B regulatory subunit)-

like protein 

E-1551:40581074-

40639660:2:3_11181 

Eucgr.E04118* Chr05: 70017737-

70018719 forward 

Thiamine thiazole 

synthase 

F-0858:18322528-

18941438:21:1_59705 

Eucgr.F01449 Chr06: 19638241-

19642734 reverse 

NAC domain-

containing protein 

21/22 

 Eucgr.F01450 Chr06: 19648938-

19657161 reverse 

rRNA adenine N-6-

methyltransferase 
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Table 5-2 (Continued)   

G-0471:19842480-

20168842:07:1_56247 

Eucgr.G01202 Chr07: 18348644-

18354533 forward 

Serine 

carboxypeptidase-like 1 

H-1341:33657450-

33852066:17_48192 

Eucgr.H02473 Chr08: 32377593-

32379142 reverse 

Pentatricopeptide repeat 

(PPR) domain 

 Eucgr.H02474 Chr08: 32381408-

32387953 reverse 

Coilin 

H-1341:33657450-

33852066:17_156298 

Eucgr.J01357 Chr10: 15622002-

15622939 forward 

Calmodulin 

 Eucgr.J01358 Chr10: 15625816-

15633373 reverse 

Polypyrimidine tract-

binding protein 

H-1578:48181307-

48617281:2:1_34396 

Eucgr.H03279 Chr08: 63124128-

63128106 reverse 

Protein dehydration-

induced 19 

 Eucgr.H03280 Chr08: 63129101-

63133077 reverse 

Three prime repair 

exonuclease 1,2 

 Eucgr.H03281 Chr08: 63135452-

63140219 reverse 

Armadillo/beta-catenin-

like repeats-containing 

protein 

H-1989:69881161-

70039865:10:1_113033 

Eucgr.H04940 Chr08: 68786753-

68788269 forward 

PDDEXK-like family 

of unknown function 

 Eucgr.H04941 Chr08: 68795864-

68799627 forward 

Large subunit 

ribosomal protein L17 

I-1048:25682769-

25837187:06:1_43196 

Eucgr.I01588 Chr09: 25808920-

25817763 reverse 

Alpha/beta hydrolase 

fold-containing protein 

/ Diacylglycerol 

acyltransferase 

(DAGAT) 

I-1160:29181065-

29251304:1_50051 

Eucgr.I01936 Chr09: 29274951-

29276869 reverse 

Basic helix-loop-helix 

(bHLH) transcription 

factor PRE1 

J-0090:6687135-

6789860:2:1_24108 

Eucgr.J00601 Chr10: 6723487-

6740161 forward 

Chondroitin sulfate 

proteoglycan 6 

 Eucgr.J00602 Chr10: 6735161-

6735631 reverse 

Uncharacterised protein 
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Table 5-2 (Continued)   

K-1305:42564204-

42648801:1:1_110921 

Eucgr.K03381 Chr11: 42040313-

42041554 reverse 

Aspartyl protease-like 

protein 

 Eucgr.K03382 Chr11: 42047485-

42048916 reverse 

Aspartyl protease-like 

protein 

 Eucgr.K03383 Chr11: 42051791-

42053940 reverse 

Gluconokinase / 

gluconate kinase 

 Eucgr.K03384 Chr11: 42057758-

42062542 forward 

R3H domain-containing 

protein 4 

a
 Significant marker within 5 kbp up- and downstream of the lead SNP 

b
 A plausible biological candidate gene in the locus to the lead SNP 

c
 Physical location of annotated gene on E. grandis genome 

d
 Predicted protein function as identified by Phytozome 

* Located outside of the targeted region but < 200 kbps away from the lead SNP 

 

 

Table 5-3: Results of the putative candidate genes associated with binary hypersensitive 

response of Eucalyptus obliqua to Austropuccinia psidii identified by in-silico searching 

of the significant SNP markers of 10 kbp physical nucleotide region with Eucalyptus 

grandis reference genome using Phytozome 

SNP marker 
a
 Annotated gene 

b
 Physical location 

c
 Putative function 

d
 

H-1984:69170890-

69486670:26_88228 

Eucgr.H04888* Chr08: 68042546-

68043720 forward 

GDSL/SGNH-like 

acyl-esterase family 

 Eucgr.H04890* Chr08: 68063039-

68068593 reverse 

Ubiquitin carboxyl-

terminal hydrolase 

 Eucgr.H04891* Chr08: 68065827-

68066287 forward 

Uncharacterised protein 

a
 Significant marker within 5 kbp up- and downstream of the lead SNP 

b
 A plausible biological candidate gene in the locus to the lead SNP 

c
 Physical location of annotated gene on E. grandis genome 

d
 Predicted protein function as identified by Phytozome 

* Located outside of the targeted region but < 200 kbps away from the lead SNP 
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Table 5-4: Results of the putative candidate genes associated with binary pustulation 

response of Eucalyptus obliqua to Austropuccinia psidii identified by in-silico searching 

of the significant SNP markers of 10 kbp physical nucleotide region with Eucalyptus 

grandis reference genome using Phytozome 

SNP marker 
a
 Annotated gene 

b
 Physical location 

c
 Putative function 

d
 

C-0086:1310624-

1357885:1:2_22972 

Eucgr.C00002* Chr03: 2488634-

2489094 reverse 

Uncharacterised protein 

 Eucgr.C00005* Chr03: 2801585-

2802683 reverse 

Uncharacterised protein 

 Eucgr.C00006* Chr03: 2803946-

2806814 forward 

Uncharacterised protein 

E-3192:68529069-

68573608:4_169478 

Eucgr.E03984 Chr05: 71630563-

71637999 reverse 

P-loop containing 

nucleoside triphosphate 

hydrolase 

 Eucgr.E03985 Chr05: 71629968-

71631177 forward 

Uncharacterised protein 

F-1419:42202565-

42276296:4_214376 

Eucgr.F03363 Chr06: 44974893-

44981578 reverse 

diacylglycerol kinase 5 

 Eucgr.F03364 Chr06: 44982935-

44987790 forward 

tRNA (guanine(37)-

N(1)-)-

methyltransferace 

 Eucgr.F03365 Chr06: 44984538-

44985526 reverse 

Uncharacterised protein 

I-1372:36826879-

37016685:11_78590 

Eucgr.I02571 Chr09: 36919556-

36919978 forward 

No apical meristem 

(NAM) protein 

 Eucgr.I02572 Chr09: 36927884-

36929061 forward 

Uncharacterised protein 

K-1169:37682931-

37903253:3:1_239310 

Eucgr.K02989 Chr11: 37366853-

37368406 forward 

Lactosylceramide 4-

alpha-

galactosyltransferase 

(A4GALT) 

 Eucgr.K02990 Chr11: 37372419-

37373272 reverse 

Histone H4 
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Table 5-4 (Continued)   

a
 Significant marker within 5 kbp up- and downstream of the lead SNP 

b
 A plausible biological candidate gene in the locus to the lead SNP 

c
 Physical location of annotated gene on E. grandis genome 

d
 Predicted protein function as identified by Phytozome 

* Located outside of the targeted region but < 200 kbps away from the lead SNP 

 

 

Table 5-5: Results of the putative candidate genes associated with numeric severity 

response of Eucalyptus obliqua to Austropuccinia psidii identified by in-silico searching 

of the significant SNP markers of 10 kbp physical nucleotide region with Eucalyptus 

grandis reference genome using Phytozome 

SNP marker 
a
 Annotated gene 

b
 Physical location 

c
 Putative function 

d
 

G-1052:30959770-

30982295:1:1_121518 

Eucgr.G01704 Chr07: 32601186-

32606779 forward 

Beta-galactosidase 5 

 Eucgr.G01704 Chr07: 32601186-

32606779 forward 

Beta-galactosidase 5 

a
 Significant marker within 5 kbp up- and downstream of the lead SNP 

b
 A plausible biological candidate gene in the locus to the lead SNP 

c
 Physical location of annotated gene on E. grandis genome 

d
 Predicted protein function as identified by Phytozome 
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Figure 5-7: The position of previously reported Ppr QTLs (Ppr1 to Ppr5) and myrtle 

rust resistance SNPs (–log10 P > 6.0) identified in the present study based on the 

physical map of Eucalyptus (each chromosome is numbered). Mbp = megabase pair. 
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found other loci and indicate rust resistance in eucalypts to be complex and controlled 

by multiple interacting loci of variable effect (Alves et al. 2012; Butler et al. 2016; 

Santos et al. 2014; Thumma et al. 2013). The different host responses to A. psidii viz. 

asymptomatic or immune, hypersensitive and sporulation in E. obliqua and other 

species may reflect diverse defense mechanisms in Eucalyptus (Naidoo et al. 2014) 

underlain by different QTLs involved in the respective resistance mechanisms (Butler et 

al. 2016). 

 

In general, plant defenses against invading pathogens include preformed physical and 

chemical barriers (Fahn 1988; Freeman and Beattie 2008; Naidoo et al. 2014; Osbourn 

1996), and induced resistances which, based on the different pathogen recognition 

systems, classify into two main mechanisms: pathogen-associated molecular pattern 

(PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI) (Chisholm et 

al. 2006; Dodds and Rathjen 2010; Jones and Dangl 2006). PAMPs or conserved 

microbial elicitors of whole classes of pathogens (such as fungal chitin and bacterial 

flagellin) are recognised by plant pattern recognition receptors (PRRs) that trigger 

numerous responses as the first tier of plant immune system to halt further colonisation 

of invading organism including non-pathogens (Dodds and Rathjen 2010; Segonzac and 

Zipfel 2011). PTI or basal resistance is generally an effective and symptomless form of 

plant resistance that involves extensive molecular changes viz. activation of signaling 

pathways, transcriptional reprogramming, and production of antimicrobials and other 

related metabolites (Bigeard et al. 2015; Szatmári et al. 2014). When the first defense 

system or PTI is defeated and plants become truly exposed to pathogenic threats, 

specific intracellular recognition mechanisms in plants trigger the second layer of 

defense, or ETI, mostly mediated by a class of receptor proteins that contain nucleotide-

binding (NB) domains and LRRs (Chisholm et al. 2006; Dodds and Rathjen 2010). ETI, 

also known as gene-for-gene resistance of plants, reinstates and amplifies PTI basal 

transcriptional programs and antimicrobial defenses via detection of specific pathogen 

virulence molecules (effectors) by R gene products, which eventually leads to the 

localised plant cell death or hypersensitive response and eradication of that specific 

pathogen (Cui et al. 2015; Jones and Dangl 2006; Szatmári et al. 2014). In recent QTL 

analysis of rust resistance, two interacting loci (Ppr2 and Ppr3) were reported to 
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influence the immune response of E. globulus to A. psidii, and different and non-

overlapping QTLs (Ppr4 and Ppr5) were found to control the hypersensitive reaction 

against the pathogen. These observations support the hypothesis that different resistance 

mechanisms, i.e. symptomless basal defenses and modulated ETI responses, operate in 

resistance to A. psidii, and that these are controlled by different QTLs (Butler et al. 

2016). 

 

Major effect QTLs for fungal disease resistance in Eucalyptus have been repeatedly 

reported on chromosome 3 including in defense against Mycospaerella cryptica leaf 

disease (Freeman et al. 2008), Ceratocystis fimbriata wilt (Rosado et al. 2016) and 

Sonderhenia spp. like symptoms (Butler et al. 2016). The present GWAS also 

discovered a significant SNP marker (C-2542:51401024-51449710:1_19512) on 

chromosome 3 at position c. 55.3 Mbp for symptomatic response of E. obliqua to A. 

psidii. This SNP co-localises with the previously reported locus Ppr1 in E. grandis 

(Junghans et al. 2003a). A number of other significant SNP for symptomatic and 

pustulation responses were also found in the vicinity of the other reported chromosome 

3 major effect locus Ppr2 (Butler et al. 2016; Junghans et al. 2003a). Independent 

studies, again on chromosome 3, discovered a QTL involved in digenic epistasis for A. 

psidii resistance in E. dunnii × E. grandis hybrids (Alves et al. 2012), and SNP markers 

linked to rust resistance in E. globulus (Thumma et al. 2013). Clustering of QTLs in the 

position between c. 54 and 61 Mbp on Eucalyptus chromosome 3 may explain the 

action of linked genes in this conserved genomic space with the highest densities of 

disease resistance genes (Christie et al. 2016; Myburg et al. 2014), or the pleiotropic 

effects of the locus with diverse implication on general disease resistance (Butler et al. 

2016; Wang et al. 2001). Recent GWAS and regional heritability mapping (RHM) for 

rust resistance in E. grandis × E. urophylla hybrid also detected SNP-trait associations 

within the same region on chromosome 3. Combined these results suggests a major role 

for chromosome 3 in the disease resistance responses, including to A. psidii, across both 

species and pathogens (Christie et al. 2016; Resende et al. 2017b), and highlights a 

number of genomic intervals worthy of further examination towards potential resistance 

gene discovery. 
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Typical R genes encode proteins that contain NB site and LRR domains in response to 

the virulence effector molecules of pathogens (Chisholm et al. 2006; Ellis and Jones 

1998; Keith and Mitchell-Olds 2013; McDowell and Woffenden 2003). They are often 

(but not always) associated with hypersensitivity or localised programmed cell death 

which block the progression of diseases caused by biotrophic pathogens (Caplan et al. 

2008; Cui et al. 2015; Heath 2000a; Jones and Dangl 2006; Mur et al. 2008). Other 

domains involved in R proteins for the detection of broad spectra pathogen effector 

proteins include Toll/interleukin-1 receptor (TIR), coiled-coil (CC), leucine zipper (LZ), 

transmembrane (TM) and serine-threonine kinase (STK) domains (Kim et al. 2012; 

Martin et al. 2003; van Ooijen et al. 2007). Among all known R genes, NB-LRR 

encoding genes are the largest and most variable gene family found in plant kingdom 

(encompassing more than 80% of the characterised R genes), with their copy number 

varying both between and within species (Shao et al. 2016; Yang et al. 2006; Zhang et 

al. 2010). Since the first comprehensive study of genes in Arabidopsis thaliana (Meyers 

et al. 2003), NB-LRR gene families have been extensively searched across various plant 

genomes, e.g. gramineous species (Li et al. 2010; Luo et al. 2012; Monosi et al. 2004; 

Yang et al. 2006; Zhou et al. 2004), legumes (Ameline-Torregrosa et al. 2008; Shao et 

al. 2014; Zhang et al. 2011), solanaceous plants (Andolfo et al. 2013; Lozano et al. 

2012) and woody species (Kohler et al. 2008; Yang et al. 2008). These have provided 

opportunities for general study of the structure and function of plant disease resistance-

related genes and have supported the breeding of disease-resistant plants (Barbosa-da-

Silva et al. 2005; Li et al. 2013; Liu and Ekramoddoullah 2004; Wang et al. 2004). 

 

In Eucalyptus, a total of 1487 putative NB-LRR genes were recently identified within 

the E. grandis genome using an iterative search process, including 557 complete gene 

models incorporating both the NB and LRR domains (Christie et al. 2016). Of these, 

423 genes were transcriptionally active and differentially expressed under specific biotic 

stresses i.e. challenged by a fungal pathogen (Chrysoporthe austroafricana) or insect 

pest (Leptocybe invasa). A previous association study of E. grandis found half the 

significant markers for A. psidii rust resistance to reside in NB-LRR loci located near 

the Ppr1 locus (Thumma et al. 2013). The chromosome 3 genomic region may in fact 

be composed of high density QTL clusters or superclusters of NB-LRR genes with 
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different loci potentially underlying the resistance to different pathogens (Barbosa-da-

Silva et al. 2005; Butler et al. 2016; Christie et al. 2016). The clustering of R genes 

allows rapid detection and evolutionary change in response to a myriad of diverse 

pathogen effectors (Fluhr 2001; Gururani et al. 2012; Sinapidou et al. 2004), and may 

be involved in the duplication or divergence of R proteins that is required for effective 

recognition of pathogen avirulence factors for standardised and timely defense 

responses (Eitas and Dangl 2010; Tobias 2012). Apart from NB-LRR genes, the present 

analysis also identified other candidate genes known to play roles in plant disease 

resistance, such as enzymatic class of R genes (i.e. kinases and hydrolases) and genes 

annotated as nucleotide-binding proteins and transcription factors. These results are 

consistent with other association genetic studies for rust resistance in Eucalyptus (Butler 

et al. 2016; Thumma et al. 2013). Similar to Resende et al. (2017b) who also reported 

suggestive QTL for A. psidii resistance in E. grandis × E. urophylla hybrid clustered on 

chromosomes 5, 8 and 10, apart from chromosome 3 this study also found significant 

signals on other chromosomes supporting the hypothesis that rust resistance in 

Eucalyptus is influenced by many loci of variable effects. 

 

The overlapping of rust resistance QTLs between E. obliqua and species from subgenus 

Symphyomyrtus, as evidenced by the occurrence of present SNP markers within the 

Ppr1 and in the proximity of Ppr2-5 loci, may indicate the long evolutionary history 

between Eucalyptus (or Symphyomyrtus) ancestors and the pathogen or its ancestors 

dating to the Eocene on the ancient southern supercontinent of Gondwana (Potts et al. 

2016; Thornhill et al. 2015). While the presence of specific recognition to newly 

encountered pathogens is ambiguous for the resistance to A. psidii in modern Australian 

naïve host myrtaceous plants, the presence of eucalypt-like fossils in South America 

where the pathogen is native (Coutinho et al. 1998; Thornhill et al. 2015) may explain 

the possibility of ancient exposure between eucalypt host and rust pathogen or their 

ancestors, and the retention of ancient R genes within the host genome as a result of 

intermittent challenge according to the „trench warfare‟ rather than „arms race‟ concept 

for the evolution of Eucalyptus – A. psidii interactions (Jones and Dangl 2006; Stahl et 

al. 1999; Tobias et al. 2016). Trench warfare model was proposed to explain the R gene 

polymorphisms in pathogen recognition and dynamics of disease resistance in 
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Arabidopsis where the resistant and susceptible alleles are maintained over a long 

period of time, and the proportions of alleles within populations vary in response to 

periodic epidemics (Kunkel 1996; Stahl et al. 1999). However, the possibility of the 

specific resistance genes to A. psidii to maintain selection pressure and retain their 

function for over 30 million years, i.e. dating from a time when ancestors of the host 

and pathogen were in contact, without intervening pathogen challenges seems 

implausible as the accumulation of mutations over that period would likely compromise 

long-term persistence of resistance on the Australian landmass (McDowell and Simon 

2006; Tobias et al. 2016). An alternative and more reasonable hypothesis might be that 

the resistance genes are effective against and are maintained by current native 

pathogens, and just happen to be at least (partly) effective in defense against A. psidii. 

Tobias et al. (2016) reported the extended modes of plant-pathogen interactions viz. 

allelic variance in receptor pairs and complexes or additive role of R gene products 

(Eitas and Dangl 2010), and the guard and decoy strategies via recognition of effector 

modification of common host targets for surveillance mechanisms (van der Biezen and 

Jones 1998; van der Hoorn and Kamoun 2008), as potential contributors to the observed 

specific resistance to A. psidii across Eucalyptus plant family. 

 

Conclusion 

In the present GWAS, SNP markers associated with multiple mechanisms (numeric 

severity, binary symptomatic, hypersensitive and pustulation) for resistance to A. psidii 

were identified in E. obliqua and mapped to the Eucalyptus reference genome. Several 

markers were positioned within the major Ppr1 locus and close to the other A. psidii 

resistance loci, Ppr2-5. The co-location of rust resistance loci in E. obliqua and 

Symphyomyrtus species may reflect the long evolutionary connection through ancient 

exposure between Eucalyptus host and A. psidii pathogen, or the maintenance of 

resistance genes by common native pathogens which happen to be partly effective 

against A. psidii. This analysis identified putative candidate genes which will require 

validation in future studies. This study adds to the understanding of the genetic 

architecture underlying A. psidii resistance in Eucalyptus. Further identification of novel 

QTLs and manipulation of loci controlling rust resistance enable molecular based 
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breeding for resistance and enable studies of population resistance responses in natural 

systems challenged by this rust pathogen.  
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Chapter 6 

 

Concluding remarks and future perspectives 

 

Myrtle rust, caused by Austropuccinia psidii Beenken, is an exotic pathogen to 

Australia. Despite this specific resistance has been found across many native 

myrtaceous species with variability ranging from immune or no observable disease 

symptoms to hypersensitive, and to full pustule development. Despite significant 

differences being observed in rust susceptibility between Eucalyptus subgenera i.e. 

Symphyomyrtus and Eucalyptus, and between and within Eucalyptus species, 

geographic variation of resistance within species was comparatively weak between 

geographic races of Eucalyptus globulus Labill. and between forest districts of 

Eucalyptus obliqua L‟Hér. Further, this variation was not explained by environmental 

characteristics such as home-site elevation, annual rainfall, and maximum and minimum 

temperatures. The highly significant difference in susceptibility to A. psidii between the 

most species-rich eucalypt subgenera (Symphyomyrtus and Eucalyptus) also indicates 

that host phylogenetic history may be a broad indicator of vulnerability to this exotic 

pathogen, consistent with subgeneric differences in various morphological and 

ecological traits viz. early growth patterns (Davidson and Reid 1980; Noble 1989; 

Turnbull et al. 1993), leaf chemistry (Li et al. 1995, 1996, 1997), and susceptibility to 

other specific enemies such as the foliar pathogen Phaeoseptoria eucalypti (Hansf.) 

Walker (Nichol et al. 1992; Park et al. 2000) and the root pathogen Phytophthora 

cinnamomi Rands (Podger and Batini 1971; Tippett et al. 1985). 

 

Examination of the rust infection process on different rust response phenotypes 

(completely resistant, hypersensitive and highly susceptible) revealed non-host/non-

pathogen interactions, i.e. the growth of variable length urediniospore germ tubes in 

random directions and reduced probability of germ tubes in locating stomata, which 

may due to the lack of basic compatibility between Eucalyptus and A. psidii or lack of 

pathogenicity factors between the plant and the pathogen as observed in other non-host 

pathosystems such as wheat stripe rust (Puccinia striiformis f. sp. tritici Eriks.) in broad 
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bean (Cheng et al. 2012), barley leaf rust (Puccinia hordei G.H. Otth) in wheat (Niks 

and Dekens 1991; Rodrigues et al. 2004) and soybean rust (Phakopsora pachyrhizi Syd. 

& P.Syd.) in barley (Hoefle et al. 2009). Comprehensive microscopic observation also 

shown an unusual mode of penetration (non-stomatal penetration) by A. psidii on 

Eucalyptus leaves. This mechanism has only been reported from a few dikaryotic rust 

fungi. It allows penetration success not only on the specific host but also on non-host 

plants, resulting in a more extensive host range than most rusts (Adendorff and 

Rijkenberg 2000; Bonde et al. 1982; Edwards and Bonde 2011; Hunt 1968). The initial 

infection events from urediniospore germination to appressorium formation were found 

to occur similarly in all the rust response phenotypes within 48 hours after inoculation 

(h.a.i.) with no obvious differences in ontogeny and morphology of the A. psidii 

infection structures between the phenotypes. The infection process then stopped on the 

resistant plants at the cuticle or epidermis levels without host penetration while the 

complete disease cycle was detected on the susceptible plants within 10 days after 

inoculation (d.a.i.) with the formation of the necessary cellular structures for successful 

rust colonisation and reproduction. However, some Eucalyptus species may develop 

adult plant resistance to A. psidii due to ontogenetic changes in leaf characteristics at as 

relatively young age as found in 12-month-old E. obliqua. This may minimise the 

detrimental effects of this invasive pathogen in native sclerophyll forests dominated by 

E. obliqua or other Eucalyptus species with early heteroblastic transition (phase change 

from juvenile to adult leaves) capability (James and Bell 2001; Johnson 1926; Lawrence 

et al. 2003; Li et al. 1995, 1996). 

 

As the rust infection process arrests on leaf surfaces in resistant phenotypes, Eucalyptus 

foliar terpene composition was analysed to test for chemical defence mechanisms 

against A. psidii pathogen. Canonical discriminant analysis found significant 

associations between particular terpene components and rust response phenotype, but 

the identified compounds were species-dependent, i.e. six compounds 

(bicyclogermacrene, globulul, geraniol, -pinene, cis-p-menth-2-en-1-ol and -

terpinene) were identified from E. globulus and four (-cadinene, caryophyllene oxide, 

longifolenaldehyde and -caryophyllene) from E. obliqua. These findings also differed 

from the reported rust resistance biomarkers found in hybrids of Eucalyptus grandis 
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W.Hill ex Maiden and Eucalyptus urophylla S.T.Blake i.e. 1,8-cineole and -terpinyl 

acetate. So, while no general chemical terpene defence mechanism is likely operating 

across Eucalyptus, species specific combined effects from different terpenes or 

synergistic effects of terpene compounds in combination with other plant metabolites in 

Eucalyptus species of great chemotypic diversity (Naidoo et al. 2014; Padovan et al. 

2014), may be combining to produce similar defensive responses against the pathogen. 

The lack of consistency among Eucalyptus species in terpene composition associated 

with rust symptom response contrasts with the specific compounds or chemotypes 

shown to mediate defenses against insect herbivores (Padovan et al. 2012) and browsing 

marsupials (Lawler et al. 1999; O'Reilly-Wapstra et al. 2004). 

 

A genome wide association study (GWAS) of rust resistance showed significant 

associations between SNP markers and multiple responses (numeric severity, binary 

symptomatic, hypersensitive and pustulation) to A. psidii in E. obliqua, a representative 

species from subgenus Eucalyptus. When the identified markers were positioned on the 

reference genome for Eucalyptus (v2 www.phytozome.net; Myburg et al. 2014) some 

SNPs were found to overlap with the region for Pp1 or be in the proximity of Ppr2-5, 

major QTLs previously reported for rust resistance in Eucalyptus species, i.e. E. grandis 

and E. globulus, from subgenus Symphyomyrtus (Butler et al. 2016; Junghans et al. 

2003a). There was a concentration of significant SNP on chromosome 3. Apart from the 

Ppr1 and Ppr2 involved in A. psidii resistance, there has been repeated location of 

fungal disease resistance QTLs on Eucalyptus chromosome 3 in other studies of 

Mycospaerella cryptica leaf disease (Freeman et al. 2008), Ceratocystis fimbriata wilt 

(Rosado et al. 2016) and Sonderhenia spp. like symptoms (Butler et al. 2016) which 

points to the major involvement of this chromosome in resistance responses across 

multiple host species and pathogens (Resende et al. 2017b). 

 

The co-location of rust resistance loci between subgenera Eucalyptus and 

Symphyomyrtus may support the hypothesis that the host and pathogen have had an 

extended evolutionary connection in the past (Potts et al. 2016) with the presence of 

specific recognition to A. psidii in modern Australian Eucalyptus due to the retention of 

ancient R genes dating from co-evolution between pathogen effectors and host 
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resistance genes in Eucalyptus common ancestors (Tobias et al. 2016). It has been 

hypothesised that eucalypts and the rust pathogen, or their ancestors, had a probable 

historical or geographical link dating back to the Eocene or c. 30 million years ago 

encompassing the breakup of the ancient southern supercontinent of Gondwana when 

the pathogen and eucalypt host could have co-evolved (Potts et al. 2016; Tobias et al. 

2016) but the considerable time between contact makes this hypotheses implausible 

given the likely accumulation of mutation leading to loss of function in any previous 

resistance loci in the absence of selection. 

 

The maintenance of rust resistance genes in Eucalyptus may alternatively due to the 

effectiveness in defences against current native pathogens that also happen to be partly 

effective against A. psidii. In this study functional annotation of positional candidate 

genes near significant SNP in E. obliqua were generally hypothetical proteins of 

unknown function, the analyses also detected several genes known to play a role in 

plant disease resistance. This included several R genes i.e. kinases and hydrolases, and 

genes annotated as nucleotide-binding (NB) proteins, leucine-rich repeat (NB-LRR) 

domains and transcription factors. These results are consistent with previous association 

genetic studies for rust resistance in Eucalyptus species from subgenus Symphyomyrtus 

(Butler et al. 2016; Thumma et al. 2013). 

 

The outcomes of this thesis add to previous studies in understanding of the complexity 

of Eucalyptus – A. psidii pathosystem and the underlying mechanisms of rust resistance 

in Eucalyptus. The present findings provide insight into the infection process of A. 

psidii on Eucalyptus foliage between different rust response phenotypes, and the 

potential drivers for rust resistance in E. globulus and E. obliqua representatives of the 

most important subgenera (Symphyomyrtus and Eucalyptus). In future, Eucalyptus foliar 

cuticular waxes (amount, composition and distribution pattern) may be analysed for 

their effects on defences against A. psidii pathogen, particularly in resistance to 

appressorium formation and penetration by germinating urediniospores. Further 

confirmation and validation of putative candidate genes may also contribute to the 

dissection of complex molecular nature of rust resistance at the fundamental and applied 

levels, and exploration of causal resistance mechanisms in the target Eucalyptus species 
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for potential translation into effective disease management in native forests and 

plantation enterprises. 
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