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Eucalyptus are among the most important agricultural forestry species grown worldwide for their
value in the papepulp, and timber industrieB. grandisis susceptible to the biotrophic rust pathogen,
Austropuccinia psidiiThis pathogen causes myrtle rust disease on growing leaves and shoots of many
members of the Myrtaceae family.Engrandis symptoms of mylé rust disease are variable, ranging

from highly susceptible to resistant. These symptoms include light chlorotic flecking, evidence of
hypersensitive responses, necrotic lesions and formation of severe pustules on the leaves and petioles
Despite the wddwide significance of myrtle rust, little is understood about the molecular dialogue
that exists between host and pathogen. Unravelliegntechanisms governing this interaction will
facilitate the development of robust disease management strategiesinTlo¢ this study was to
investigate the molecular dialogue between resistant and suscéptgrndisandA. psidii using a

dual RNAseq approaclE. grandisseedlings were collectdcbm their natural rangacrosshe east

coast of Australia and scmeed for resistance and susceptibility against the pandemic biotype of
psidii. Leaf samples were collected at four time points, namelyol2s post inoculation (hpi);day

post inoculation (dpi), -2ipi and 5dpi. RNA was isolated from these samples anbjected to RNA

seq using lllumina 50bp PE reads to a depth of 40 million reads per samplesdgNAads were
mapped to th&. grandisandA. psidiireference genomes to quantify expressed gené&s.drandis

theresistant seedlings were able to maintain a controlled and coordinated responsedagaidst



throughout the interaction, with a hypersensitive response enrichedaaid12dpi. In contrast,
susceptible seedlings lacked a coordinated response, wgh@bof a hypersensitive response during
crucialinitial stagesof infection. Brassinosteroid mediated signalling was enriched in resistant hosts

at 2dpi, with this response not observed in the susceptible hosts. Additionally, brassinosteroid
signallinggenes were found within two disease resistanceNasnerous resistance genes were found
underlying major disease resistance loci, with these genes differentially expressed at both the constitute
and induced levels. These resistance genes are highligintedure functional studies to determine

the role they play during the interaction. These results will contribute to informed selective breeding
to generate myrtle rust resistant plants. On the pathogen side, we identified a total of 890 expressed
genesacross the time series. Comparisons of the expressed genes to the candidate list of effector
proteinsfound various expressed candidate effectors, including a rust transferred protein uniquely
expressed in the susceptible hostsdpb This protein caussthe accumulation of chloroplasts around

the haustorium, which may affect the functioning of the chlorogfastctional enrichment identified

malate dehydrogenase, malate metabolism and the involvement of oxoacids, putatively implicating
oxalic acid in he interaction with susceptible hosts. The results from this study identifies numerous
virulence and pathogenicity factors that can be targeted for disease control strategies. Future studies
are required to determine the role brassinosteroids play inamsts as well amvestigating the

involvement of oxalic acid in disease susceptibility.
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Preface

The aim of the thesis was to determinthe molecular mechanisms that govern the interaction between
Austropuccinia psidiandEucalyptus grandiat four time pointsWith this knowledge, the differences

in responses between resistant and susceptible hosts can be compared to determine what contribute
to host resistance and pathogen success in susceptible hosts. This will further contribute to our
understanding of theomplex interaction betweeA. psidii and E. grandisto facilitate genetic

engineering to breed. psidiiresistant plants.

Chapter 1 is a comprehensive review of our current knowledge about the myrtle rust fAngslii
and the devastating impactgtpathogen hasn ournatural and commercial forests. Furthermore, the
significance ofEucalyptusand typical defence responses against biotrophic fungal pathogens are

discussed.

Chapter 2 is a research chapter investigatthg molecular responses of resistant and suscepible
grandisduring the interactions withA. psidiito identify novel pathways and mechanisms governing
the different host responses. This is through the investigafidranscriptomic data obtained by a

robust dual RNAsequencing analysis.

Chapter 3 is a research chapter investigating the transcriptomic respongespsfdii during the
interactions with resistant and susceptiblgrandisover a time seried his is through the analysis of
pathogerspecific gene expression to identify pathogenicity and virulence factors involved in the

interaction.

Chapter 4, a concluding capter, highlights the importance of this research, where a hypothesised
model of the molecular dialogue is suggested. Limitations to the study are discussed, with future

studies suggested to address these limitations.
Research outputs:
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Chapter 1

Literature Review

Elucidating the molecular interactions between Eucalyptus grandisand

the myrtle rust pathogen, Austropuccinia psidii

Shae Swanepoé| CarynN. Oates', LouiseS. Shuey?, Sanushka Naidob

1 Department of Biochemistry, Genetics and Microbiology, Forestry and AgrialiBiotechnology
Institute (FABI), University of Pretoria, South Africa

2 Department of Agriculture and Fisheries, Queensland Government, Australia

This chapter has been prepared in the format of a manuscript for-eepiesved research journal. |
coneeived the premise for this review with the input of Sanushka Naidoo. | drafted the manuscript and
prepared the figures with the input of CafynOates, Louis&. Shuey and Sanushka Naidoo.



Interactions betweeB. grandisandA. psidii

1.1 Abstract

Eucalypts are widely cultivated due to their significant wood quality and rapid growth, rertiernmg

one of the most economically valuable forest plantation ciepsalyptusspecies are threatened by
various emerging pests and pathogens, affecting the sustainability of our forest plantations while
simultaneously posing a threat to the biodiversityheir natural rangdzucalyptus grandiss highly
susceptible t&\ustropuccinia psidjia biotrophic rust pathogen causing myrtle rust on approximately

480 species within 86 genera of the Myrtaceae family. With a worldwide distribution and broad host
range, this pathogen is considered a global pandemic and extensive research has been conducted t
elucidate the molecular mechanisms that govern the interaction between this pathogen and its hosts.
The constitutive overexpression of resistarelated genes Eucalyptus grandisire shown to play
significant roles in resistance agaidstpsidii However, despite recent studies ois tinteraction
furtherinvestigations intd. grandishost responses ama plantaA. psidiipathogenic responses are
required to unravel the molecular dialogue that exist¢his pathosystemUnderstanding these
molecular interactions may lead to improved breeding stratagésngineering of resistance against

A. psidit

Keywords: Eucalyptus RNA-seq, defence responsegenesmyrtle rust
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1.2 Introduction

EucalyptugMyrtaceae) are a large gent@mprising approximately00 species and hybridsThese

fast growing, woody, dicotyledonotmresttrees hold significargcological and economic importance.

They are cultivated worldwide due to their significant contributions to the paper, pulp and timber
industries as well as providimgsourcego producebioenergy and biomateria{&rattapaglia et al.,

2012; Myburg et al., 2014)With the threat of climate change as well as increased anthropogenic
activities, the sustainability of forests across the globe are af{Wsigfield et al., 2015)These
activities drive increased emergence of pests and pathogens that pose devastating threatsitalour

and cultivatedforests Introduced pathogenic species may undergo host shifts, affecting naive
plantationsand areoften without natural enemiéSlippers et al., 2005)This is a major concern as

naive species often do not have adequate defence mechanisms, placing these at risk of devastatin

losses and in extreme ems extinction

Recentlytermedone of the Top Ten most feared furfgiyde et al., 2018)Austropuccinia psidii
(Winter) Beenker(Beenken, 2017has fast become one of the most devastating fungal pathogens to
plague our natural and introduced forest dtions. This pathogen, commonly referred to as myrtle
rust, has a widespread global distribution, affecting numerous tree species within Myeadeae
posing a threat to the biodiversity of natural populations as well as devastating economic losses in the
forestry industryWingfield et al., 2008; Wingfield et al., 201®ucalyptusspp. aresomeof the most
susceptible members of this family Ao psidii (Coutinho et al., 1998; Junghans et al., 2003)is

highlights the importance of further studies into the mechanisms governing the interaction

With improving nextgeneration technologies, we can gdialistic views of previously poorly
understood interactions through investigations of changes in the transcriptomes of orgdnisms
interest(Mortazavi et al., 2008)r'he availability of theE. grandisreference genom@yburg et al.,
2014)coupled with these improved techniques facilitates powerful and robust studies on the molecular
mechanisra that underlie the interactiobgtweenpests and pathogens aBdgrandis.It is through

these studies that we gain insights into mechanisms that contribute to disease resistance, contributing
to the development of disease tolerant hybrids to mitigateeffects of devastating pests and
pathogens. This review highlights tsignificance oEucalyptuspp., the complekiology ofA. psidii

and common plant defencemainst pests and pathogeMdhere appropriateknown defence
mechanisms of Myrtaceae agaimst psidii are discussedBiotrophic pathogenicity and virulence
mechanisms are discussed, with comparisons made fosidii to elucidate putative molecular

responses of myrtle rugturthermore, the currennderstanding of the interactions betwéempsidii
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and its host$acilitated by highthroughput RNAseqgare discussed to shed light on this complex and

significant pathosystem.
1.3 The genus Eucalyptus

Myrtaceae are a large family of dicotyledonous hardwood plants that typically occur in the Southern
Hemisphere, found isubtropical and tropicalegionsof countriessuch as South America, Australia,
Asia, Africa and Europe(Grattapaglia et al., 2012Yhis family is made up of ecamically and
ecologically significant hardwood genera includiggcalyptus, Corymbia, Melaleuand Psidium
(Grattapaglia et al., 2012 ucalypts are a diverse species within this family, compriSingalyptus

L 6 H ®Carymbia,(Hill and Johnson, 1995nd AngophoraCav. (Ladiges, 1997) Due to natural
hybridisation, Eucalyptusspecies display high diversity, with members showing environmental
adaptability and phenotypic plasticity, growing under various condi(i@Gnattapaglia et al., 2012)
including climates ranging from tropical to temperate and in soil of poor quality and nutrients
(Shepherd et al., 20117 his versatility, along with its significant wood quality and rapid growth
contribute to its use in the forestry industry, providing invaluable resources barfipaper and pulp
(Grattapaglia, 2008)with an estimat® over 20 million hectares cultivated worldwidkglesias
Trabado and Wilstermann, 2008Yloreover, Eucalyptusspp. hold significant ecological value,
providingkey resoures among their natural rand#ost eucalypts are native to Australia, where they
make up 101 million hectares of forests acrossthecoynyyu st r al i adés st ate of -
These species support the native forest ecosystem by providbitats and food for forest fauna

species as well as supporting other forest floraspéci®ai st r al i ads st ate of t|

In recent years, many studies have focusethe genetic factors controlling economically important
traits in eucalypts,such asthe mechanisms underlyingood formationand lignin biosynthesis
(Grattapaglia et al., 2012 hese studies have been vastly facilitated by the release 6f giandis
(640-megabase, 36,3 f8edicted proteirtoding genesreference genom@lyburg et al., 2014 This
resource has been invaluable in genomic and transcriptomic stugiegramdis.Unsurprisingly, due

to their widespread cultivatiofucalyptusspp.have become targets for various emerging pests and
pathogengWingfield et al., 2013)Therefore focus is not only on economically important traits but
also the molecular mechanisms that govern the interactions with invasive organisms to gain knowledge
on biological pathwayand key genesontributing to plant defena@aidoo et al., 2014; Christie et
al., 2015; Mangwanda et al., 2015; Oates et al., 2015; Meyer et al., 2016; Messal et abaA01D;

et al., 2020; Hsieh et al., 2021; Yong et al., 2021)
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1.4 Austropuccinia psidii

Austropuccinia psidji commonly referred to as eucalyptggjava,or myrtle rust, is an obligate
biotrophic rust pathogen causing rust diseaseseveral genera of Myrtaceae. Formerly known as
Puccinia psidij this pathogen has been resolved in the Pucciniales, moving from Pucciniaceae to
Sphaerophragmiaceg®cTaggart et al., 2016b; Beenken, 2Q1K) psidii is notclosely related to
Puccinia but more closely related to Dasypora, Puccorchidium, Sphenorchidium and
SphaerophragmiunDespite showing morphological similarities to the geRuscinia, A. psidiiis
genetically different and thus the pathogess reclassifie@Beenken, 2017)A. psidiiis thought to
have originated in Central and South America, where it was first reportdtnibgr (1884)on guava
(Psidium guajava Since its discovery, it has been reportechanycountries across the world, where
it is affecting native and nenative Myrtaceae species, causing widespread devastReportedly
affected areas include numerous countries in Central and South Arf@@oignho et al., 1998nd
North America, including California, Florida and Hawaii in the U@Aarlatt and Kimbragh, 1979;
Rayachhetry et al., 1997; Uchida et al., 200®¢ports of affected Asian countries include Japan
(Kawanishi et al., 2009)China(Zhuang and Wei, 2011)ndonesialMcTaggart et al., 2016and
Singapore(du Plessis et al., 2017f5outh Africa is the only African country to have reported the
presence oA. psidii(Roux et al., 2016)Oceania countries reporting the gnese ofA. psidiiinclude
Australia(Carnegie et al., 2010New CaledonigGiblin, 2013)and New Zealan@du Plessis et al.,
2019) Figure 1.1 summarises the global distributiodopsidiiat the country level.

A high level of diversity exists withiA. psidii with crossinoculation studies revealing differences in
pathogenicity ofsolates sampled from different Myrtaceous hoBkere are at least four biotypes of
A. psidii each with varyinglegreesf pathogenicityand each biotype capable of infecting different
hosts(RossDavis et al., 2014; Stewart et #018) A study byStewart et al. (2018hvestigatedhe
variation between and withiA. psidii populations in theAmericas and Hawaii. They found that
isolates clustered into nine genetic clusters-G®) with C1 and C4 classified as tluevastating
APandemic biotypebo. Currently, the fAPandemic
globe, includingparts & North AmericaAsia, Australia, Columbia and pacific countreagch as New
Zealand(du Plessis et al., 2019hterestingly, ainique biotype oA. psidiiwas identified on a native
Myrtaceous shrub in South AfrigRoux et al., 2016)with effects of this pathogen nat aignificant
to that of the APandemic biotypeo.

Although this pathogen is not currently posing a threat in South Africa, it is expected that it may cause

future devastation as the climate of the country chariRasx et al. (2015)nvestigated the risk of
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myrtle rust establishment in 8t Africa, whereEucalyptusspp. commonly cultivated in the forestry
industry were screened for s uA psdpThe buthors foupd t o
that coastal regions, which exhiliet and humid conditions, are the most at risk for establishment of
myrtle rust, particularly in the warmer summer montRsux et al. 2015) This study showed that
Eucalyptusspecies grown in the South African forestry industry are at risk of infection, Bwith
urophylla displaying high levels of réestance andE. camaldulensisshowing high levels of
susceptibility(Roux et al., 2015)The results of this study emphasise the importance of adequate
screening protocols foA. psidii incursionin South Africaand the need for future studies that
investigaé the molecular mechanisms underlying the host responses of the commonly cultivated
Myrtaceae species. This will aid in the improvement of selective breeding and engineering of plants

that are tolerant and resistant to myrtle rust infection.

Recently, it las been shown that psidiiis able to undergo sexual reproductiomh@&nomenothat

was previously poorly characteris@dicTaggart et al., 2020)This, coupled with the presence of
several biotypes, maadilitate increased pathogeniciiyroughnovel virulence mechanisms A

psidii. This raises threats of genetic recombination between different biotylpebwill produce new
strainsable toovercome host adaptations and circumvent current control strategies. For this reason,

extreme caution must be taken to prevent further spread of myrtle rust.

A. psidiireportedly affects approximately 480 species wi8igenera of Myrtaceagoewato et al.,
2019a) The number of reportedly affected species has dramatically increased over the years, with only
33 reportedly affected species in 19@®utinho et al., 1998)hese include reports of a staggering
392 affected plant species in Australia, 72 in Brazil and 53 in New Caleddrila South Africa has
reportedly 14 affected species of Myrtacéaeewarto et al., 201aAffectedhosts include valuable
hardwoodplantssuch asEucalyptusspp. used in forestry plantations for wood production as well as
otheragriculturally significant plants such as allspiPenfent spp), guava Psidiumspp), rose apple
(Syzygiunspp) andtea tree oils NMlelaleucaspp). Numerousaffected plants play integral roles as
ecosystem driverand the threat of species extinction Ay psidii may potentially alter ecosystem
functioning and reduction in species biodivergfgnsham et al., 2020For exampleA. psidii has
swept through thélawaiian Islands and posedsignificant threat to various nativpecies, such as
ohia, Metrosideros polymorphgUchida et al., 2006)This species is crucial to the ecosystem
functioning of Hawaiian forgs, playing roles in shaping the structure of forest landscApesidii
threatens this species and will have devastating impacts should repeated infection( cmguelr
2010) In Australia, a native wild guava shrgBhodomyrtus psidioidgplays integral roles in the

ecosystem by acting as a fire retardant. The spre@d p$idii across the countrizgas brought this
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species to near extinction and as result, there are increased risks of outbreaks of (k&dfgieam et
al., 2020) The rapidly expandingost list the threat to economically and environmentally significant
species as well as the identification of biotypgest can undergo sexual reproductlughlightsthe
dangers of thipathogen. Thiseiterates thgrowing needf developing robust control strategies and

surveillance techniques to mitigate its effects.
1.4.1 Biology and symptoms of infection

Obligate biotrophic microorganisms invade living plant tissues to exploit their foysisitrients,

which aids in pathogen reproduction, proliferation and completion of their complesytifes(Lo

Presti et al., 2015Thesepathogens include powdery mildews, smut fungi and rust f@ngisidiihas

a macrocyclic, obligate biotrophic lifecycle in which there are four known life stages, nhamely aecia,
uredinia, telia and basid{&len et al., 2007; Morin et al., 2014 psidiiis an autoecious pathogen

that completes its lifecycle on a single h(@Sten et al., 2007; McTaggart et al., 2018 Taggart et

al. (2018)showed that basidiospores are produced on the same host that telia and uredinia@dre forme
which rules out the heteroecious hypothe§tas confirms thaA. psidiidoes not have an aecial life

stageFigure 1.2 summarises the known lifecycledopsidit

Completing its lifecycle on a single hosllows the rapid spread &. psidi, contributing to the
widespread distributioandpathogenicig. Urediniospores are produced during the uredinia life stage
(stage IlI, Figure 1.2). Many factors influence the germination of urediniospuatbdight intensity,

leaf moisture and atmospheriemperaturesignificant contributors to spore succd§den et al.,

2007) In favourable conditions, windborne urediniospores will germinate on the plant surface, upon
which the appressorium develspThese appressardevelop from the tip of the germ tube which
results inaninfection peg. A recent study b§ong et al. (2019j)eported norstomatal peetration by

A. psidii Infection pegs directly penetrate the leaf cuticle and epidermal cell walls, entering the
mesophyll cells. This characteristic Af psidiiis unusual, as urediniospores of rust fungi generally
penetrate host plants through the stam&his may explain the broad host rangeAofpsidii as
penetration sites are less specific and locating the stomata is not necessary, which aids in a simpler
infection procesgAdendorff and Rijkenberg, 2000Xavier et al. (2015)found reduced fungal
germination, appressorium formatiand genetratiomas the leaf matureduggestingyounger leaves

have a higher susceptibility #. psidii Mature leaves havgreater numbers afuticle waxes that

alters the leaf topography. This change alters the ability of spores to successfully identify and adhere
to the plant surface, reducig psidii pathogenicity(Xavier et al., 2015)However, on susceptible

hosts thaA. psidiican successfully penetrate, the fungus moves intercellularly thtioeidjost tissues,



Interactions betweeB. grandisandA. psidii

where mycelial growth has been reported. Subsetydmustorium mother cells form from the
hyphae(Coutinho et al., 1998)n E. grandis haustoria are reported to begin developing between 12
and 18 h in susceptible genotypes bativeen 18 and 24 h in resistant genotypesier et al., 2001)

It is through these haustoria that psidii obtains nutrients for successful growth and survival.
Furthermore, haustoria are involved in suppressing host defeamo@ reprogramming of host

responses, contributing to pathogenicity of the fur(lag®gele and Mendgen, 2003)

A. psidiiprimarily affects young Myrtaceae seedlings less than two years old, nursery seedlings and
young coppice, causingpnsiderable damagde plant leaves and shoots. This may ultimately lead to

the death of the plafGlen et al., 2007)Generally, symptoms are variable between hdsischinton

et al., 2014) For exampleCarnegie et al. (2010}eporting the first case &. psidiiin Australia,
describes disease symptoms as yellow uredinial pustules on both the adaxial and abaxial surfaces o
Agonis flexosaleaves. These bright yellow pustules wseenon young tems and growing shoots

and severely infected plants resulted in shoot deathS Qglomulifera,early infection symptoms
presented as small purple flecks on young leaves which later resulted in the characteristic yellow
pustulegCarnegie et al., 2010Piseasesymptoms orMetrosideros polymorphan Japan were first
described as red spots on shoots and surfaces of plant leaves. These red spots develop into yellov
uredinial sori, which increased in size before production of urediniosfi¢a@snishi et al., 2009)n
Eucalyptus considered highly susceptible £ psidii (Coutinho et al., 1998)symptoms typically

present in a range from small uredinia to masses of byigow urediniospores, with lesions
darkening on leaf and shoot marg(@&en et al., 2007)

Although symptoms vary between different hogemerallyyoung seedlings show visible symptoms
within a few days of inoculation, characterised by yellow spots on leaves and (@matiaho et al.,

1998) After approximately two weeks following inoculation, brown lesions with bright yellow masses
develop on leaves (Figure3], occasionally shoots, fruits and flowdé@outinho et al., 1998; Glen et

al., 2007; Pegg et al., 201Disease severity varies between individual trees, with some only showing
minor symptoms, while others present with reduced fecundity, loss of flowersfraits and
occasionally tree mortalitfPegg et al., 2014¥pevere infection on susceptible hosts anptions may

lead to a reduction of their market value in the commercial industry, as growth is stunted and trees
grow multiple branches with affected leaves and frwitsch isconsidered economically undesirable
(Booth et al., 2000)Additionally, severe infection of this pathogen in natural forests may cause

widespread reductions in species, affecting the natural biodiversity and e@@legyet al., 2007)
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1.4.2 Control and management strategies

Onceestablishedn an area, mitigation oh. psidiibecomes increasingly difficult. This is due to the
lifestyle of the pathogenin which rapid sporulation and windborne urediniospores facilitates spread
across large geographical ran@ésuza et al., 2015Prevention of rapigpreadf fungal sporeselies

on stringent surveillance of susceptible forests and plantatiomstoring for outbreaks before they
spread beyond the initial sifellowed by accelerated intervention to remove infected tféésn et

al., 2007) Additionally, managementrsttegies involveeducing thecultivation of susceptible hosts
and restricting movement of host material by reducing sale of prailtddta et al., 2018)Chemical
treatments typically involve the use of fungicides to control the spaeddproliferation ofthe
pathogenTriadimenol, a triazole systemic fungicide, has been found to be effective in tngtfol
psidii, with reportedly 90% efficacy i&. cloezianaseedlinggAlfenas et al., 1993)Further studies
found azoxystrobin, tebuconazole, epoxiconazole and pyraclostrobin as effective fungicidesfagainst
psidii (reviewed in Gleret al.2007). Despite the efficacy of these fungicides, spray intervals need to
be repeated regularly and this is not economicpligctical Moreover, these chemicals pose
calamitous effects on the environment, with varying toxicity levels to aquatic and terrestrial organisms
(reviewed in Gleret al.2007) As a result, more economically and environmentally feasible control

strategies are required.

Additional control strategies involve the use of biological control ag&ien et al, 2007) In New
Zealand, Eriococcus coriaceusinfests Eucalyptusplantations, affecting the commercial forestry
industry. Efforts to eradicate this pest involve the introduction of predators, shown to be an effective
control(Garnas et al., 2012Botrytis cinereaausegreymould disease in susceptilidegrandisthat
causes damage to eucalypt plantations. It has been show. thegndisplants preinfected with
Streptomycedave reduced symptoms when subsequently infected Bvithinerea,due to the
production of defence compounds such as phenols and flavqi&aitlis et al., 2016)Elicitation of

plant defences with the use of biological control agents is an alternative roétramtitional chemical
treatment. This is an avenue that can be explored to miAgagdiiinfection. For exampleFusarium
decemcellulardnas been shown to parasiti&e psidiiandBacillus subtilisreducesA. psidii in vitro
germination by as much as 34%morim et al., 1993; Glen et al., 200F. fujikuroi andF. solani

were also found as hyperparasitsthe spores oA. psdii (Lira et al., 2019)Further studies are
neededo determindf these effects are repeated in field trials to ensure efficacy and safety in using

these agents as biological control.
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These eradicatioafforts areunlikely to be effective againgt. psidiioveran extended period hese
efforts may bestartedtoo lake to prevent the rapid spread by-laorne urediniosporeg.or example,

upon initial discovery in Australia in 2010, responses included surveillance of sites, quarantining
affected host plants or removal and destruction of infected maf€aahegie and Cooper, 2011)
Despite thisA. psidiicontinued torapidly spread and focuwas forcedto shift from eradication to
managemeniVillalta et al., 2018)Whilst biological control may be a prospective avenue for control

of A. psidii there are risks to implementing these agents. For example, these agents may act too slowly
to mitigate the effects oA. psidiiand due to the nature of this pathogapid action is required to
prevent further spregdRoux et al., 2013)Additionally, if conditions are favourable, these biocontrol
agents may become patfemic, either to the host they are protecting or to surrounding plant species
(Chandrashekara et al., 2012)

For these reasons, control agaiAstpsidii has begun focusing on host resistarideis involves
selectively breedingr genetically engineeringesistantmyrtle species for largscale cultivation
(Wingfield et al., 2013)Cultivating hybrid resignt genotypes with significant defence systems are
highly effective mechanisms to mitigate the effectsAofpsidiiand may reduce the spread of the
pathogen(Coutinho et al., 1998; Wingfield et al., 2015J0 successfully breed or engineer rust
resistance will be multifaceted. Integrating complex breeding systems to select the fittest genotypes
againstA. psidiican be implemented to improve genomic selectirrombnation of omics will
facilitate identification of novel pathways and genes involved in resistghaieloo et al., 2019)
Transcriptomics is a powerful tool that studies the gene expression profiles of organisms under
different conditions, with dual RNAeq used to simultaneously capture both host and pathogen
transcripts during intecéive stagegMortazavi et al., 2008; Westermann et al., 2082)dies of this

nature are important in highlightingandidategenesfor functional studiesin combination with
proteomics and genomics, these studies are powerful in unravelling complgratiasiermolecular
dialogues(Naidoo et al., 2019)This is discussed further in Section 1Current knowledge on the

Austropuccinia psidihost molecular dialogue
1.5 Plant defences

Due to the sessile nature of plants, exposure to pests and pathogens is inRetabtantly plants

have evolved complex defence mechanisms that are mounted in response to invading organisms,
including bacteria, fungiviruses,and insectsResponsesnvolve constitutive defence mechanisms
including preformedand chemicabarriers, rapid recognition of invading organisms that breadethe

barriers and induced defence mechanisms deployed by the plant once an invading organism is
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recognised In combinatio, these responses attempt to prevent proliferation and success of the

invadingorganismto ensure the health of the plant
1.5.1 Constitutive defence mechanisms

Constitutive defence mechanisms are the first, limenspecific, broadpectrumdefence against
invading organisms and inclugenysicaland chemical barrierKovalchuk etal., 2013) Physical
barriersinvolve waxy leaf cuticles, trichomes, cell wallsnd bark while chemical barriers include
secretory cells and glands, secondaryspecialisedmetabolites and antimicrobial compounds
(Naidoo et al., 2014)

In Eucalyptusspp. the cuticular waxes chemical composition are important preformed barriers
providing defence againét psidii(dos Santos et al., 2019here issignificant variation between the
cuticular wax composition amonige differentEucalyptusspp. in addition to variation within the same
species. These differences may contribute talitierencesn responses té. psidii highlighting the
significance of the wax composition in resistance against this fungire cuticular waxes of
susceptibleE. grandis contairs hexadecenoiacid that was found to improve the growth and
germination ofA. psidii putatively contributing to disease susceptibi(itips Santos et al., 2019)
Primary hyphae of. psidiiare observed at #2pi (hours post inoculatiorih susceptible genotypes
of E. grandis,while only observed in resistant genotypes ahfB suggesting resistant genotypes
have effective preformed barriers to prevent early hyphal formattbich may coftribute to the
resistance observédavier et al., 2001)

Plant specialised metabolites (also referred teeasrglary metaolites SM) are toxic, antimicrobial
substances produced by the plant in response to various environmental stimuli and include compounds
such as phenolics, terpeneatkaloids,and flavonoids Abiotic factors influencing the production of
SMsinclude temperature, water conditioasdlight intensity as well as soil compaosition and fertility

(Yang et al., 2018; Isah, 201®athogenic fungi and bacteria, viruses and herbivory are biotic stressors
that stimulate the production of SMs, resulting in a degree of plant defence agesesinivading
organismgKhare et al., 2020; Mishra et al., 2020)

Essential oils, stored in matukeaf oil glands have potent antimicrobial properties comprisang
combination of monoterpenes and sesquiterpdifesse terpenoid compounds have various functions
in plant defence, including deterrents of herbivaned pestsattractingenemies of pestnd defence
against fungal pathogerigeszei et al., 2008)The terpenoid backbone biosynthesis pathway was

found to be significantly oveexpressed in Norway spruc®i¢ea abiey upon infection with
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Chrysomyxa rhododendm, fungal pathogen causing bladder (dstijillo-Moya et al., 2020)Genes
associated with the mevalonate pathway wem-expressedshowingthe putative involvement of

the terpenoids in defence against this rust pathdgeuillo-Moya et al., 2020)In E. grandis,
monoterpenes and sesquiterpenes were found to contribute to resistance against the devastating gallin
insect,Leptocybe invaséDates et al., 2015)n the resistant genotypes, monoterpene concentrations
were significantly greater than in the susceptible genotypes. Furthermores@&N\aalysis identified
up-regulation of the terpenoid biosynthetic process, corroborating thksregthe chemical profiling

(Oates et al., 2015) recent study investigated the leaf chemistrgofymbia citriodorain response

to a native pathoger@) pitereka and the exotic fungal pathogeh, psidii(Bonora et al., 2020)he

authors found that the monoterpene concentrations in leaves infectefl psildii were significantly
different to that infected witlQ. piterekasuggesting that not only do Myrtaceae species initiate
pathogerspecific responses, but that terpene concentrations may contribute to disease resistance

againstA. psidii(Bonora et al., 2020)

The chemical composition of leaves change as the plant matures, which owes to the resistant
phenotypes weseeas plants age, with younger plant matestabwinggreater susceptibility to foliar
pathogens. For example, a recent studpibya et al. (2020binvestigated the chemical composition

of different leaf stage®m resistant and susceptitite urophyllax E. grandishybrids againsé. psidii

The authors found that the composition of the leavegadbus stagewvaried, with no disease
symptomsseenon resistant leaves at all stages, while no disease symptomshgerged on the last

leaf stage in susceptible hybrids. Through gas chromatography and mass spectrometry, they found
greater levels of limonene in resistant hybrids while there was little limonene in susceptible hybrids
(Silva et al., 2020b)imonene is an antifung&M that has fungitoxic effec{®\ggarwal et al., 2002)

Silva et al. (2020bjound that limonene causes damage to the fungal cell walls while affecting the
structures of teliospore, rendering the fungus-patihogenic and unable to complete its tiele
effectively.In M. quinquenerviachemotypic variation between resistant and susceptible individuals
did not contribute to the disease outcome aga&ingsidii but a susceptible chemotype was found to
have higher levels of terpenes, suggestingrthatle rust infection induces the production of certain

SM and this potentially contributes to susceptibiflgsieh et al., 2021)

The plenylpropanoid pathway produces numerous plant defence metabolites primarily in response to
pathogenic fungal invasidiiKovalchuk et al., 2013)he derivatives of the phenylpropanoid pathway
include phenols and lignin, responsible for the defence responses mounted against i asoams.

study by Silva et al. (2020ajused mass spectrometry and a molecular networking approach to

investigate the responses of Asian Soybean to the rust patRbgkapsorgpachyrhizi The authors
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found production of various SM, including phenylpropanoids in plants imfegith this pathogen

with phenylpropanoidscluding liquiritigenin, coumestrol and formononetin among otk8ilsa et

al., 2020a) Furthermore, n Syzygium luehmanniithe phenylpropanoid pathway was found to
putatively confer resistance againét psidii Tobias et al. (2018)found upregulation of
phenylpropanoid pathwagssociated genes in resistaggnotypes, while susceptible genotypes
showed comparatively weaker or absent associations with this pathway. Similaiyotlkement of

the phenylpropanoid pathway was foumdH. grandis throughserial analysis of gene expression
(SAGE). Differential expression of genes associated with lignin biosynthesis were identified in
resistant genotypes, while susceptible genotypes lacked these re{dosest al, 2007) These
studiesdemonstratéhe importance of this metabolite in defence against rust pathogens, indduding
psidii.

Constitutive defences, including physical and chemical barriers, are successful in preventing invasion
by some pests and pathogehmwever compatible pathogens can overcome these defences and
successfully penetrate and infect ho3iserefore, it is impdant that plants havaurther defence
mechanisms that are induced following breach of these preformed defences, which involves successful
recognition of the invading organisms and deployment of appropriate defence regponsesand

Dangl, 2006)

1.5.2 Induced resistance

The plant innate immune system involves a-tigodefence respongdones and Dangl, 2006; Zipfel,

2014) The first branch of the innate immune system is triggered upon plaghigeo of conserved,

slowly evolving pathogen molecules, such as bacterial flagellin or fungal ¢Nifimberger et al.,

2004; Ausubel, 2005 hese molecules acemmonlyreferred to as microbiabr pathogerassociated
molecular patterns (MAMPs/PAMRBs)espectively(Ausubel,2005; Jones and Dangl, 2006; Couto

and Zipfel, 2016)These molecules are recognised through transmembrane proteins known as pattern
recognition receptors (PRRWith a leucinerich repeat (LRR)PRRsrecogniseproteins such as
bacterial flagellin and lysine mot{LysM) binding carbohydrates such as fungal chifiones and

Dangl, 2006; Zipfel, 2014)Once these MAMPs/PAMPare recognised by the PRRa broad
spectrum, relatively weak immune response known as R&M&ered immunity (PTI) is inducetb

prevent spread and proliferation against-adapted pathogeii3ones and Dangl, 2006)

Adapted pathogemaaysuccessfully suppress PTI responses. This is thrimegbecretionfgpathogen
effector proteinsnto the host plant cellyhich contributes to pathogen virulen@nes and Dangl,
2006) Intracellular effectas can reprogram the plant cell to allow the pathogen to acquire plant
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nutrients suppress hosmmunity and create an environment conducive to successful pathogen
proliferation(discussed further in Section6iFungal pathgenicity and virulence mechanismg.o

Presti et al.,2015) This leads to effecteriggered susceptibility (ETS), in which the pathogen
successfully overcomes plagéfence and the planshowsdisease symptom&lants have evolved
complex mechanisms to overcome ETS. This is thrétglnes that can regnise pathogen effectors.
R-genes produce proteins with nucleotide binding (NB) and leu@heaepeat (LRR) domair{dones

and Dangl, 2006)NB-LRR R proteins are crucial to the innate immunity of plants. These proteins
confer immunity by directly interacting with pathogen virulence factors or effectors, or indirectly
through accessory protei@ones and Dangl, 2006; Dodds and Rathjen, 201® accessory protein
undergoes conformational changes upon interactions with the pathogen effector. The alteration of the
accessory protein enables it to be recognised by theRBpraein and through this, an ETI response

is induced(van der Hoorn and Kamoun, 2008his is known as the guard/decoy mo@@bdds and
Rathjen, 2010)Despite decades of research on R proteins and research elucidating the resistance these
proteins confer, the mechanisms underlying R protein activation of ETI responses is poorly understood
(Lai and Eulgem, 2018)

In general, ETI is more rapid than PTI and more effective at preventing spread of the invading
pahogen. This is through the induction of the hypersensitive response (HR), a response that causes
rapid, programmed cell death to prevent healthy neighbouring cells from inféitioes and Dangl,

2006; Dodds and Riaen, 2010) Significant changes in plant gene expression induced by ETI
responses leads to downstream activation of defexlated processes to confer resistance against the
invading pathogenThe cycling between PTI, ETS and ETI leads to what is knaw the zigzag

model of plant defenc@ones and Dangl, 200Q6lhis model states that an invading pathogen initiates
PTI through the recognition of MAMPs/PAMPs by plant PRRs. Following this, the pathogen evolves
specific effectors to successfully overcome PTI, known as ETS. The plant may then evolve specific R
protans to mitigate the effect of the effectors, through the inductioalafst HR that ultimately leads

to ETI (Jones andangl, 2006)

There are a number Bfgenes that have been highlighted as potential contributors to disease resistance
againstA. psidiiin different Myrtaceae species.  grandis numerousR-genes were found within

the disease resistance lodegrl (Thumma et al., 2013)with these putatively contributing to the
resistance of individuals carrying this lo€iurthermore Swanepoel et al. (202Ehowed manyr-

genes within the disease resistance loci, with expression induced upon infection with myrtle rust,
suggesting &ole in plant defence against psidii Santos et al. (202@)entifiedR-genes differentially

expressed at a constitte level between resistant and suscepttblgrandis with greater expression
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in resistant genotypeR-gene expression were also uregd inM. quinquenerviandS. luehmannii
upon infection with myrtle rugHsieh et al., 2018; Tobias et al., 201B)ture studies are required to
characterise the function of these genes and to determinedhéhey play during the interaction with

myrtle rust.
1.5.3 Defence responses

The responses that occur followiRd | and ETlis the rapid production and accumulation of cytosolic
calcium (C&") (Boller and Felk, 2009) The increase of cytosolic €afunctions to regulate
extracellular reactive oxygen species (ROS) concentrations, including nitrogen oxide (NO), hydrogen
peroxide (HOy), superoxide (® and hydr ox)yYuetala2017)dterapid prddobon

and accumulation of ROS is referred to as ROS burst and is vital in the first responses against
pathogenic invasiofTorres et al., 2006)These molecules act as barriers to subsequent pathogenic
invasion by strengthening plant cell wadls well as induaig HR(Yu et al., 2017)The importance of

ROS burst was denonstrated byPlotnikova et al. (2016)Timopheeviiwheat {Triticum timopheev)
pretreated with salicylic acid (SA), a phytohormone that induces ROS production and accumulation,
was found to accumulate® This led to the inhibition of brown rust funguRuccinia triticing) at the
stomata and subsequent accumulation gdHPlaris that were treated with a ROS burst inhibiting
chemical, verapamil, were more susceptible to brown rust fungus, with the suppression of oxidative
burst facilitating pathogen proliferatigRlotnikova et al., 2016)'ypically, these oxidative bursts of

ROS occur in both resistaahd susceptible plant species, with further responses occurring only in
resistant plants to prevent spread of the pathfigem and Merida, 1996)

The rapid accumulation of cytosolic €also leads to downstream transcriptional reprogramming to
bring aboutmmuneresponses, by activation of mitogaativated protein kinase (MAPK) cascades
(Boller and Felix, 2009)MAPK cascades lead to downstream activation of transcription factors and
genes involvedn plant defencéDodds and Rathjen020). Further downstream responses activated
upon induction of PTI and ETI includgant phytohormone biosynthesis and signalling, stomatal
closure, biosynthesis of antimicrobial compounds and callose deposition (reviewad eh al.
(2017). Accumulation of C& also leads to the production of pathogenesiated (PR) proteins, such

as chitinases and thaumatike proteins and there are 17 known PR famil{gan Loonet al., 2006)
Induction of phytohormone signalling pathways, such as SA and jasmonic acid (JA), contributes to the
differential expression d?dRgenegNaidoo et al., 2013; Ali et al., 2018)his leads to an accumulation

of these antimicrobial proteins that confer plant resistance against an invading pgBRietgse et

al., 2009)
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Overall, these responses aim to prevent spread of the invading pathogen beyond the initial site of
infection and prevent further proliferation of the pathodemeneral, various immune signalling and
downstream defence @anses are shared by PTI and EFitzschke et al., 2009}t is the strength

and duration of these responses that differ, with ETI exhibiting robust, significant HR aladivexi

burst while PTI is a comparatively weaker, bragectrum respong®odds and Rathjen, 2010)
1.5.4 Phytohormones

Phytohormones are a group of signalling plant hormones that play integral roles in plant defences
Phytohormonéiosynthesissignal transduction acts downstream of PTI and ETI once the plant has
identified an invading organisiiiDe Vos et al., 2005; Bari and Jones, 2008ajor defenceaelated
hormones includ8A, JAand ethylene (E)l{Pieterse edl., 2012) Other phytohormones that mediate
plant growth, development and responses to abiotic stressors have emerged as important contributors
to plant defence. These include abscisic acid (ABA), auxins, gibberellins (GA), cytokinin (CK) and
brassinoteroids (BR (Pieterse et al., 2009%A is generally considered a phytohormone in defence
against biotrophs, while JA/ET confer resistance against-bariophsandnecrotrophgPieterse et

al., 2009) Evidence has emerged over the years of a more complex interaction between
phytohormones and ttiéestyle of the invading pathogemiith an integrated phytohormone signalling
system conferring resistance against invading rosgas. This unconventional phytohormone
signalling isseenn woody trees such &opulusandEucalyptusin which JA/ET conferred resistance
against a biotroph and SA conferred resistance against a necrotroph, resp@aiely et al., 2009;
Naidoo et al., 2013)his review will covetypicaldefence phytohormones, including SA/EA, and

BR. For a comprehensive review on phytohormones modulating immuafgy, to Pieterse et al.
(2012)andBari and Jones (2009)

BRs are a group of steroidal phytohormones that primarily regulate plant growth and dewelopme
(Grove et al., 1979; Saini et al., 2019his group of phytohormones, responsible for regulating
responses against abiotic stimuli, have been implicated in interactions with a range of pathogens,
typically conferring resistance to biotrophs while increasing susceptibility to necrotfgphet al.,

2018) In the absence of BRs, the receptorsIBBENSITIVE 1 (BRI1) is associated with the negative
regulators BR KINASE INHIBITOR 1 (BKI1) and BOTRYTH&NDUCED KINASE 1 (BIK1),
preventing its activation of downstream respor{8¢ang and Chory, 2006; Wang et al., 2008}his

state, the shaggike kinase BRINSENSITIVE 2 (BIN2) is highly active, interacty with key BR
transcriptional regulators BRASSINAZOLEESISTANT 1 (BRZ1) and BRIEMS-SUPPRESSOR

1 (BES1), inhibiting their function in BR signallinfHe et al., 2002)In the presence of this
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phytohormone, BR associates wilRl1 leading to phosphorylation and subsequent dissociation of
BRI1 with its inhibiting regulators BKI1 and BIK1. This leads to the activation of BRIl
ASSOCIATED KINASE 1 (BAK1) and phosphorylation of BRINTERACTING SIGNALLING
KINASE (BSK1), activation BCONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1) and finally,
BRI1-SUPPRESSOR 1 (BSYXDe Bruyne et al., 2014Yu et al., 2018) This cascade of events
ultimately leads to the inactivation of BIN2, the activation of BRZ1 and BES1 and subsequent
activaton of downstream BRpecific responsethrough changes in gene expressfdang et al.,
2011)

The role that BRs play in plant defence are complex. This phytohormone has been shomferto
systemicresistance tdhe rice blast fungal diseas®ldgnaporthe griseaand the bacterial blight
diseaseXanthomonas oryzaéhrough exogenous applicatiofdakashita et al., 2003 here aralso

reports of this phytohormone negatively regulating defence against pathogenic invasion. BRs can
increase susceptibility to the viral infection caused by rice bd&rdaked dwarf viru@He et al., 2017)
suggesting that the interaction with this phytohamm@nd pathogenic organisms is complex and
integrated. Further researchnisededo determine how this phytohormone confers resistance against

some organisms while increasing susceptibility against others.

JA and its derivatives are part of a clasfatify acids thaplay roles in plant growth and development
andare crucial in the@lantdefence arsenalgainst pests and pathogéwéasternack and Hause, 2013;
Ruan et al.,, 2019)This phytohormone is typically involved in resistance against necrotrophic
pathogens and herbivores, such as insect pé&isternack and Hause, 2013yanscription factors
that are crucial to JA signalling in response to plant defence include JASMONATE INSENSITIVE
1/MYC2 (JINL/MYC2) and ETHYLENERESPONSIVE FACTOR (ERKRVerma et al., 2016 ERF
proteins play a role in initiating the deferpeated gene expression against necrotrophic pathogens
(Moffat et al., 2012) In the absence of JA, JASMONATHEM-DOMAIN (JAZ) interacts with
JIN/MYC2 to inhibitdefencerelatedgene expressiofChini et al., 2007)When JA levels increase, it
interacts with CORONATINE INSENSITIVE 1 (COI1) to lead to the degradation of JAZ and the
subsequent upegulation of associated gen@hini et al., 2007)

ET is another phytohormone that interacts with JA to induce a defence response against pests and
pathogens. An important ET transcription factéf, INSENSTIVE 3 (EIN3) induces downstream
expresion of ERFgenes to lead to defence responses in the presence of pests and péterygemns
et al., 2016)The interactions between JA and ET are vital in inducing defexiaged responses upon

pathogenic invasioriGlazebrook, 2005)JA and ET signalling are crucial in the development of
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induced systemic resistance (ISR) due tot implonisation by rhizosphere bactedi@R primes the
plant for defence against future pathogenic invasion, ultimately limiting plant disease s@warity
Loon et al., 1998)

ISR is typically more effective against pests and necrotrophic fungi, however, there have been studies
showingthe importance of this resistza mechanism against certain biotrophic pathogens. Plants
defective in efficient JA signalling are shown to be more susceptible to some biotrophic pathogens,
suggesting an importance of this pathway in biotrophic defence mechdhAisties et al., 2012)For
example, mutations i€OI1, responsible for crucial JA signallingendered dfective plants more
susceptible to the biotrophic fungs. cichoracearun{Kloek et al., 2001)Furthermore, exogenous
applications of methyjasmonate (Med) to the conifer whitebark piné’{nus albicauli$ triggered
activation of downstream defence responses against the biotrophic fungal pathogen, white pine blister

rust Cronartium ribicolg, putatively conferring resistance against this pathdgienet al., 2017)

SA, a phenolic compound, is an important phytohormone in plant defence thggesed upon
recognition ofpathogenic invasigntypically associated with defence against biotro@md hemi
biotrophic pathogengGlazebrook, 2005; Mishina and Zeier, 2003 is synthesised by two main
pathways, namely PHENYLALNINE AMMONIA LYASE (PAL) and ISOCHORSMATE
SYNTHASE (ICS (Zhang and Li, 2019)The type of proteins that are involved in the production of

SA are dependent on the type of pathogen recognition by the plant. Biosynthesis of SA in response to
PAMP recognition involves ENHANCED DISEASESUSCEPTIBILITY 1 (EDS1) and
PHYTOALEXIN DEFICIENT 4 (PAD4) while biosynthesis of SA in response to effector recognition

by R proteins involves EDS1, PAD4 and NGMCE-SPECIFIC DISEASE RESISTANCH

(NDR1) (Reviewed inPieterse et al. (201R)

Following biosynthesis of SA, downstream signalling relies on a protein known as- NON
EXPRESSOR OPRGENES 1 (NPRL Wu et al. (2012¥ound that NPR1 is the receptor for SA
perception and that SA acts to activate NPR1 by inducing confiemaathanges upon binding to its
domains. SubsequentlPR1 interacts with its associated transcription factors to bring about
expression oPRgenes, which leads to the production of antimicrobial proteins such as chitinases and
peroxidaseg(Zhang et al., 2003; van Loon et al.,, 2006A signalling is also crucial to the
establishmenof broadspectrum, londasting defence known as systemic acquired resistance)(SAR
that is associated with the accumulation of PR prof@nusrant and Dong, 2004; Mishina and Zeier,
2007)
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Studiesshow the importance of SA in defence against biotrophic rust pathdgethsn herbaceous

and woody plant€Cramptonet al.(2009) reported reduced rust disease in pearl millet against the rust
pathogenP. substriata upon exogenous application of SA, highlighting the importance of this
phytohormone in defence against biotrophic pathogesrestingly, ac protein, Puccinia NPR1
interactor (PNPI) interacts with NPR1 to affect its association with TGA transcription factors. Through
this action, downstream expressionRiR1is significantly reduced. This putatively contributedPto
striiformisf. sp.tritici pathogenicity, leading to host susceptibi(fyang et al., 2016)n black poplar

trees Populus nigrd, SA levels increased in plants infected with the biotrophic rust fungus,
Melampsora laricipopulina Through the increased SA levels, the biosynthesis of the defence
compound flavat8-ol increased, which contributes to resistance against this rust pattuah et

al., 2019) Similarly, in Myrtaceae aecent study investigatedd transcriptome dE. grandisinfected

with A. psidiiat 1-dpi. The SA pathway was implicated in resistance against the patheigenhis
pathway highlighted in the resistant genotyf®antos et al., 2020Further research iseededto

unravelthecomplex role that SA plays in resistance agafngisidiiin eucalyptus.

1.6 Fungal pathogenicity and virulence mechanisms

Pathogens have evolved complex systems and mechanisms to overcome their host plant resistance
which includes secretion of molecules that suppress host defgficgdeelhoven, 2005)Virulence is

defined as the degree of disease caused by a pathogenic organism, while pathogenicity is defined a:
the ability of a pathogenic organism to cause dis€aSea c r i s t a-Arenaln2608)Gafurthen a
define virulenceS a c r i st a RAreaal (@008Bttesdhatat is the ability of a pathogen genotype

to overcome a host resistance mechanismpDethe significance of both virulence and pathogenicity,
research has focused significantly on the ability of an organism to cause disease pathogenicity

genes areéhosethat are described as being essential for plant disease developmentasisrater

deletions of these fungal genes results in reduced disease s@xgrile Wouw and Howlett, 2011)

Fungal pathogenicity genes haveenfoundin most stages of pathogenic infection, contributing plant
disease at each stage of infectigigure 1.4 adopted from Meng et al. (2008hows a typicabbligate
biotrophic fungalinfection cycle. A dispersed fungal spore attaches to thacidf the host plant,

upon which host recognition takes place. A germ tube emerges from the fungal spore and elongates
along the surface of the host plant. Following this, an appressorium forms from physical signals on the
plant surface. A penetration pegierges from the appressorium that can penetrate the surface of the
host plant to gain access to the host cells. Subsequently, a mother haustoria is produced by the funga

pathogen. The haustoria is an infection structure that secretes fungal effedtimrd@nompounds to
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successfully suppress the host immune response, thereby reducing plant defence against pathogeni
invasion.The haustoria is responsible for sequestering nutriesmtsthe host cell for the growth and
development of the funguBollowing successful host infection and hyphal growth, a lesion develops
near the surface of the host plant where sporulation of newly developed spores can take place. These
spores are then dispersed, and the infection cycle coniihlez®sy et al., 2009)Where appropriate,

pathogenicity genes involved in key stages of the fungal infection process are discussed below.
1.6.1 Infection structures

The appressoria, specialised infection cells,kawx@vn to beinvolved in fungal pathogenicityRice

blast fungusNl. oryzag appressorium synthesis is associated withegjlation of genes involved in

host plant amino acid and protein degradation, suggesting these pathogenicity genes play crucial roles
in causingdisease in the hoqgiOh et al., 2008)In the hemibiotrophic fungi Colletotrichum
graminicola, researchers have identified key pathogenicity genes crucial to fungal development
(Eisermann et al., 2019)sing rigorous approaches at identifying and characterising effector proteins

of this pathogenthe authordound two genes in a cluster that are crucial to pathogen virulence.
Deletion of these genes reduced efficiency of fuagaressoriunpenetration, due to inability to form
penetration pegs and papill@a@ntributingto reduced virulencéeisermann et al., 2019)

1.6.2 Host penetration

Cuticle and cell wall degrading enzymes (CWDE), among various other mechanisms, are ways in
which pathogens degrade preformed barriers such as cutin and pectin irffiglams and Howlett,

2001) The degradation of cell walls facilitates the entry of pathogens into the host cells, followed by
subsequent suppression of host defences and nutrient acqylsiiickelhoven, 2005CWDEs were

shown to play significant roles in host colonisation of figoflax rust (M. lini). The authors found the
involvement of enzymes such as glucosidases, glucanases, pectin methyl esterases and mannosida:s
that facilitate degradation of cell walto support pathogen colonisation and success in the host plant
(Wu et al., 2019)In E. grandis research has shown that the leaf cuticle wax layer undergoes enzymatic
degradation following adiseon of A. psidii spores.A. psidii producs these toxic enzymes in the
extracellular mucilaginous matrix in the spo(¥avier et al., 2015)To furthersupportthis, Quecine

et al. (2016Jound the involvement @&. psidiipathogenicity factorduring the spore phagajtatively
contributing to disease severity susceptibleguava P. guajava). The ability of A. psidii to
successfully breach the waxy layer of plant leaves by enzymatic degradation may contribute to host

susceptibilityseenamong many different species.
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1.6.3 Host colonisation and nutrient acquisition

Nutrient uptake is througtme complex structure known as theuktoria This structure is responsible
for the secretion of compounds and proteinsluding effector proteinshat function to suppress host
immune responses, thereby facilitating the uptake ofdhested nutrients that support fungal growth
and developmenfVoegele and Mendgen, 2003olecular studies on the role that haustoria play
during the infection process and the genes expressadgdthe fungusost interaction have
previously beerimited by the fact that haustoria can only be produneglanta (Voegele and
Mendgen, 2003)With the development of genomic tools to study hushogen interactions at the

molecular level, research has emerged on the unaee these structures play in pathogenicity.

In U. maydis the loss of a sucrose transporter, a protein that asduostderived sucrose, rendered
the pathogen unable to cause dis€déahl et al., 2010)This highlights the importance of acquisition

of hostderived nutrients in pathogenicitjaustoria specific gene expressiorPimdosphaea xanthii
revealed ugegulation of genes associated with-b;B-glucan catabolism. The authors suggest these
genes are regulated upon formation of the mot |
glucans, thereby promoting pathogenigiBolonio et al., 2019)In P. striiformis f. sp. tritici, the
haustoria plays crucial roles during the interaction with whiatcent study utilised RNAeq to
investigatethe haustoriaderived transcriptome of this pathayduring the interaction with its host
(Xu et al., 2020) The authors found upegulation of genes associated with metabolic processes such
as thiamine biosynthesis and glycolysis. Furthermore;ihdsted gene silencing (HIGS) of various
metabolismrelated genedound reduced pathogenic growth and development within the host,
putatively affecting pathogenicity. adistoriaspecific gene expressianay also involven planta
induced genesP(Gs). ThesePIGs primarily involve proteins that act as amino acid transpsrte
strengthening the importanoé haustoria in nutrient acquisition and fungal pathogenigiiyegele

and Mendgen, 2003)

The haustoria play important roles in protecting the pathogen from ROS, thereby promoting
pathogenicityPolonio et al., 2019)n a study on the interaction between the obligate biotrophic rust
fungusUromyces faba#/icia faba an increase in mannitol levels was observed. The authors suggest
U. fabaeutilises mannitol to scavenge ROS produced by the host imnespernse to mitigate the
host defence respong§€oegele et al., 2005)The role thatA. psidii haustoria cells play during the
interaction with its Myrtaceous hosts are yet to be elucidated. However, molecular wiittlitse

newly released\. psidiigenome(Tobias et al., 2022will facilitate future studiego investigatehe

pathogenicity mechanisms employed by this strudtii@igh haustorigpecific expression studies.
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1.6.4 Fungal effectors

Fungal effectors are proteins secreted by fungi, both pathogenic and mutualist, that can manipulate
interactiors with the host plantypically reprogramming the host plant to allow succedshugal
colonisation and proliferatigrwhile contributing to suppressing host defence respdfagenhout

et al., 2009; Mukhtar et al., 2011; Lo Presti et al., 20Fbngal effectors can be tox&Ms that
successfully suppres$mst plant defence responses or proteins that initiate cell deafPresti et al.,

2015) Through planpathogen proteuprotein interactome networkiglukhtaret al. (2011yoncluded

that virulence factors from two pathogesfdifferent kingdoms interact with highly connectegbs

in host plants. The authors provide evidence to suggest that plants possess overlapping cellular
machinery that act dargets for effectors from pathogens with drastically different lifestyles and that

plants do not possess pathogdiéestyle-specific target¢Mukhtar et al., 2011)

There are different widely accepted hypotheses suggesting how a host plant interacts with fungal
effectors. These small, secreted proteins can have a-fygrgene relationship with a host target
proten, in which case they are termed avirule(®er) factors. In the gentor-gene theory, a hof

protein recognises a pathogawr protein,and an immune response is induced. When the pathogen
Avr protein is altered and no longer recognised by the [aptotein, the plant does not detect
pathogenic invasion and subsequent disease o@¢ansDer Biezen and Jones, 1998n de Wouw

and Howlett, 2011)Alternatively, R proteins can be activatby recognition of the effects of the
virulence or effector proteins. This is indirectly through the changes these pathogen proteins make to
the host targets. Guare Hyl paott th@éas Des BiezZemandwdonesa 5998} h e
Mukhtar et al. (2011provides evidence for the Guard Hypothesis, in which they identified an indirect
association betweerafhogen effectors and host R proteins.

Similar to theGuard Hypothesis,is the Decoy Model (van der Hoorn and&amoun, 2008) Host

proteins can either act as target or helper proteins. Target proteins are those that are directly targetec
by effector proteins to elicit changes in host immunity responses. Helper proteins are those that
facilitate in plantafunction of the effector protein and in its absence, the pathogen exhibits reduced
pathogenicity. A recent paper studied the interaction between an obligate biotrophic rust psithogen
larici-populinaand poplar to determine the role of an identified effectorgim Mlp124357(Madina

et al., 2020)Madina et al. (2020)ound transgeni@rabidopsisexpressing this effector gene lead to
increased susceptibility to bacterial and oomycete infection. Furthermore, fdworefprotein
interacted with a host proteiArabidopsisprotein disulfide isomeraskl (AtPDI-11), to localise to

the tonoplast of the host cells to facilitate infection and increase plant suscepéddina et al.,
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2020) The authors suggest this host protein acts as a helper to fadilifaliEnta function of the

effector protein.

Anotherstudy looked at an effector protein Mt larici-populina,MIp37347 (Rahman et al., 2021)

The authors found this protein, secreted by this leaf rust pathogen during infection of poplar,
manipulates the plasmodesmata of host cells to facilitate the fungal infection capabilities of cells
neighbouring the initialnfection site. Cells harbouring this effector protein at the plasmodesmata
presented with reduced callose deposition and plants showed increased susceptibility to a biotrophic
pathogenHyalonoperospora arabidopsidisVhile pathogens manipulating the gtaodesmata have

been previously reported, this is the first study to show this interaction in rust fungi. The authors
suggest that the pathogen manipidatieican catabolism, thereby facilitating the reduction in callose
deposition at the plasmodesmata, which causes increased susceptibility to the hodR gtamés et

al., 2021)

Despite thesignificance of pathogen effectors and the profound effect these proteins have on plant
immunity, we know comparatively little about eukaryotic effectamsl even less about effectors of

rust fungi. $gnificant research iseededo elucidate the mechanisnthese proteins utilise to initiate
disease in their target hoskdentifying candidate effector proteins and determiningrih@antarole

in pathogenicity will contribute to research on the development of novel, targeted control strategies to
mitigatediseaseVarious online databases documenting pathogenicity and virulence genes are publicly

available. For example, the PHI (pathogdest interactionhttp://www.phibase.org/ database is a

powerful tool that documents functionally characterised pathogeaiettyirulencegenes of specific
fungal speciegUrban et al., 2015)

1.7 Myrtaceae molecular responses to Austropuccinia psidii

The advent of omics tools will facilitate studies in these-mmael organisms and are invaluable to
unravelling the compix interactions betweeA. psidiiand its hosts.These tools include genomics,
transcriptomics, proteomics, metabolomics and effectorodgca.result, significant efforts have been

made in functional genetics and gene expression studies to identify biological pathways and genes
significantly contributing to resistance agaiwstpsidii (Junghans et al., 2003; Moon et al., 2007,
Mamani et al., 2010; Alves et al., 2012; Thumma et2813; Laia et al., 2015; Butler et al., 2016;
Hsieh et al., 2018; Tobias et al., 2018; Soewarto et al., 2019b; Santos et al. Wifl2@)creasing
knowledge on the molecular dialogue that exists between the host and pathogen, we can begin to

develop robust control strategies to mitigate the effect of myrtle rust. Thigé@scnformed selective
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breeding for resistant traits (e.g., resistant quantitative trait loci, Qbics)gical pathways involved

in defence and pyramiding of resistance geRegghes). Théustropuccinia psidireference genome
(Tobias et al., 202Wyill further our knowledge on the dialogue myrtle rust contributes to the crosstalk
with its host plants, with this providing valuable insights into novel pathogen targets for control. These
molecular studies are of vital importance, as host resistamzeme the most cogiffective and long

term control strategy againat psidii(Glen et al., 2007)The following section discusses our current
knowledge on the hogtathogen moleular crosstalk, and includes genomic, transcriptormnd

proteomicand metabolomistudies.

In E. grandis,a major locus associated with resistancé.tpsidiiwas identified on linkage group 3
(Junghans et al., 2003; Mamani et al., 200 this locustermedPuccinia psidii resistance (Pprl,

as per the previous classificationffpsidi), harbouring numerous disease resistance genes that may
contribute to the phenotypes obser¢€dumma et al., 2013Yhis locus has been used in molecular
breeding programmes to engineer rust resistange grandis Unfortunately, genotypes harbouring
Pprlwere found to be susceptible to certairpsidiistrains, suggestingprlwas not efficient enough

to provideresistanceo this pathogefiGraca et al., 2011)WVith genetic mappindilves et al. (2012)
identified additional QTLghat played additive and neadditive roles in resistance Eucalyptusto

A. psidii These minor loci werable to explain approximately 298and 44.8% of the phenotypic
variation observed between different hybridskofcalyptus. Additionally, four loci identified inE.
globuluswere found to be associated wihpsidiiresistance, with these loci determiningether the

plant exhibits symptomd2pr 2 andPpr3) and displays@HR (Ppr4 andPpr5) (Butler et al., 2016)
Furthermore,Butler et al. (2019)identified novel, independent QTLs associated wAthpsidii
resistance inCorymbia The identification of various QTLs associated with disease resistance in
different spes highlights the complex nature of disease resistance agaipsidii These QTLs
suggest thaf. psidiiresistance isiot controlled by a single gene luatriousgenes underlying many
QTLs contributing to the phenotypes observed. Future research tee@uglve studies on the
expression of genes underlying these loci, to determine important genes involved in the interaction and

how these contribute to the resistance observed.

Yong et al. (2021performed a genome wide association study (GWAS) to investifjatdiqua
resistance against myrtle rust. The autiforsnd SNP markers associated with different resistances
againstA. psidii including disease severity, symptoms of infection, HR, and pustule formation. These
SNP markers were located near resistanceRpci-5. Numerous genes were identified throughout

the study, such as BR signalling kinase 3 associated with the presence or absence of a symptomatic

24



Interactions betweeB. grandisandA. psidii

response, genes associated with the presence or absence of an HR -gatabtiesidase genes

associated with theeverity of diseasgrong et al., 2021)

There arenanypapers that have emerged over recent years that study the transcriptome of Myrtaceous
species upon interactions with psidii (Hsieh et al., 2018; Tobias et al., 2018; Santos et al., 2020;
Swanepoel et al.,, 2021These papers have corroborated the complex nature of the interactions
betweerthe host andA. psidii Tobias et al. (20183tudied the transcriptome 8f luehmanniiupon
infection with A. psidiiat 1- and 2dpi, in four resistant and susceptible individudlsey found that
susceptibleS. luehmanniwere unable taletectA. psidiiinvasion early enough to elicit an effective
immune response against the pathogen. Early recognition of invading microbes is crucial to a rapid
immune response, aeenin resistantS. luehmanniiFurthermore, two putativeoll/interleukin1-
NBS-LRR-type (TIR-NBS-LRR-type) resistance genes were-tggulatedin resistant plants, with
similarities likened to Eucgr.C01654 and Eucgr.C0196B.igrandison linkage group 3, within the
confidence interval oPprl. This suggests an involvement of thésgenes in resistance agairst

psidii.

Finally, the involvenent of secondary metabolic pathways was associatedAwipisidii resistance,

with up-regulation of genes associated in the phenylpropanoid patfiwayas et al., 20185imilar
responses were observed when studying theaciiens betweemMelaleuca quinquenerviapon
infection with A. psidii (Hsieh et al., 2018)The authors found significant involvement of the
phenylpropanoid pathwayathogerderived transcripts associated with haustoria development were
identified in suseptible plants at-8lpi, suggesting significant pathogen proliferation had occurred in
susceptible hosts, with these responses absent in resistant hosts. Susceptible plants were unable t
initiate rapid defence responses agafngisidiiinvasion, as obseed inS. luehmannjiand significant
defencerelated expression was only observed-dpb which may be too late to prevent the spread of
infection. In resistant individual? R expression was significantly higher, with these genes putatively

contributing to disease resistar(étsieh et al., 2018)

In E. grandis constitutive expression of defenedated genes is hypothesised to contribute to disease
resistancgSantos et al., 2020Yhe background expression of resistant and suscefildeandis
genotypes was significantly different without inoculation wAthpsidii suggesting the importance of
constitutive expression. Constitutive expression in resistant plants includes genes relating to SA
mediated responses, photosynthesis, and protein kifesgnerich receptors. Constitutive
overexpression dR-genes was associated with the resistant genolymeauthors hypothesise these

responsesontribute to basal immunity againdt psidii As seen inM. quinquenerviaand S.
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luehmannii susceptiblée. grandisis not efficient at rapid responses followiAgpsidiiinfection, and
susceptible genotypes had reduced expression of defelated genes in response Ao psidii
infection. These are the first studies to investigate the changes in the iptorser of Myrtaceous
species upon infection withA. psidiiand provide insights into mechanisms putatively contributing to

disease resistance.

A recent paper investigated the interactions betweg@sidiiandE. grandisby combining proteomics

and metabamics to determine early responses to infec{®ekiya et al., 2021 Resistance irk.

grandis was associated with enzymes and metabolites involved in the phenylpropanoid pathway,
corroborating findings of previous studies that suggested the importance of this pathway in disease
resistance. An absence of these responses in suscéptipiendisgerotypes led to the progression

of disease symptoms. Through functional enrichment, dipl2n resistant genotypes, identified
mechanisms included the involvement of the photosynthetic pathway and oxidative burst responses.
While susceptible genotypatiowed similar responses, early accumulation of these metabolites and
ineffective downstream control led soisceptible plants succumbingAopsidiiinfection (Sekiya et

al., 2021)

There is a wealth of information emerging on the host dialogue with myrtle rust, with comparatively
few studies investigating the pathogen molecular respoBexcine et al. (2016pvestigated the
proteome of resistaft. grandisand susceptiblBsidium guajavdguava). The authors isolated various
proteins from the spes ofA. psidiicollected from these species. In the susceptible guava samples,
proteins associated with fungal virulence wiewend which included malate dehydrogenase enzymes,
enolasesheat shock protes) peptidases and protead@teins isolated ém spores on resistanEe
grandisincluded translation proteins and proteins involved in folding. This suggests that there is a
difference in the proteomes of myrtle rust infecting different hosts and this provides insights into how

the pathogen elicits disease on susceptible liQstscine et al., 2016)

These studies highlight the complex natureAofpsidithost irteractions, with various significant
defence pathway®undthroughout genomic, transcriptomic, metabolomic and proteomic andlyses.

is important to unravehecomplexcrosstalkhat exists between host and pathggerbreeding plants

and engineeringytbrids for rust resistance is paramount in mitigating the effects of this pathogen. Rust
resistance relies on a multifaceted, integrated system and further resemetiado elucidate these

mechanisms.
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1.8 Conclusion and future perspectives

Rust fungi are obligate biotrophs, which complicates genetic molecular studies as they require a live
host to grow and replicate without cultivation on artificial media. As a result, studies on the molecular
nature of biotrophic fungi are few and less athed than that of other pathogenic organisms, such as
necrotrophsin recent years, the explosion of the genomics era has facilitated studies on biotrophic
fungi (Bakkeren and Szabo, 202@)ith the complexity of these systems and thetecular dialogues

with their hosts explored on new levels. The overarching goalfiadaandidate genes putatively
involved in host infection for functional studie$his will reveal the role gene products play in
successful host colonisation and pathogenicity. Due to the large and complex nature of rust fungi,
with gene numbers as high as 28,@8ime et al., 2017)integrating multiple levels of studies to
identify candidate genes is essential. By narrowing large lists of genes to a smaller subset involved in
an interaction, functional studies to characterise thesegwill be more targeted and successful. With

this knowledge, disease control strategies can be more effective at managing these destructive

pathogens.

TheA. psidithost interactions are complex systems, with the interactions differing between different
species and in some cases, within the same species. The abfitypsidii to cause such varying
degrees of disease on a wide range of different host speciesnpatant avenue to investigate, as it

may lead to the development of novel and targeted control strategies. Pathogenicity factors facilitating
the ability of myrtle rusto infect a wide range of species can be targeted, while virulence factors
determinirg the degree of infection may lead to the engingerselecting and breeding for host
resistance Further research is required to identify and characterise these genes, which will be
significantly facilitated following the release of tAastropuccinia psli genomgTobias et al., 2021)

Due to the imminent threat that this pathogen poses to the South African forestry i(fdasiet al.,

2015) future studies are required to investigate the mechanisms underlying host resistance and
susceptibility in commonly planted seed lots as thisguile selective breedirfor resistance.
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1.10 Figures
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Figure 1.1. The global distribution of the myrtle rust pathogen, Austropuccinia psidjishowing reportedly
affected countries. Blue shaded regions represent affected countries while grey shaded regions represent
unaffected countries. Central and South America, depicted by the red box, are the proposed origins of myrtle

rust. Data was compiled frohitps://www.cabi.org/isc/datasheet/45846cessed July 2020).
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Figure 1.2. The lifecycle of the macrocyclic, autoecious rust fungus Austropuccinia psidiishowing the four

known stages. Urediniospores can undergo asexual reproduction in which the urediniospores inoculate host
plants, undergo germination, leading to urediniosori develop. These mature to urediniospores thiafatn re

the host or travel via windtinfect other host plants. Adapted from Glen et al. (2007), Bakkeren and Szabo

(2020) and created with BioRender.com.

38



Interactions betweeB. grandisandA. psidii

Figure 1.3. The symptoms of myrtle rust infection caused byAustropucciniapsidii on Eugenia urophylla
native toSouth Africa, showing the two visible spore stag@3.The characteristic yellow urediniospores and
(B) the brown lesiongaused by the teliospore stageAafstropuccinia psidiiphotographs by L. Shuey,
unpublished).
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Figure 1.4. A schematic diagram of a typical infection cycle. The cycle begins when a witisbrne spore

attaches to a host plant. Once the spore recognises the host, germination begins in which an appressorium forms
From the appressorium, a penetration peg emergealltwas the fungus to gain access to the host cells. This

is followed by haustoria development from which effectors and toxic metabolites are secreted to acgquire host
derived nutrients and suppress host immune responses. This leads to hyphal developregnsemuent
infection, in which the host defence responses are successfully overcome. The pathogen continues to develop
and grow within the host plant, acquiring nutrients and suppressing immunity until a lesion develops. From the
lesion on the host surfacsporulation of new spores occurs that are ready for dispersal to new or the same host.
Figure adapted frorivleng et al. (2009).
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2.1 Abstract

Eucalyptus grandisin its native Australian range, varies in resistancAustropuccinia psidiigyn

Puccinia psidii) The biotrophic rust fungug,. psidiiis the causal agent of myrtle rust and poses a
serious threat to Australian biodiversity. The pathogen produces yellow pustules of urediniospores on
young leaves and shoots, resulting in shoot tip dieback, stunted growth, and death. Dissecting the
underlyng mechanisms of resistance against this pathogen will contribute to improved breeding and
control strategies to mitigate its devastating effects. The aim of this study was to determine the
molecular dialogue betwedn grandisandA. psidii using an RNAsequencing approach. Resistant

and susceptible. grandisseedlings grown from seed collected across its natural range were
inoculated with the pandemic biotype Af psidii The leaf tissue was harvested athti2irs post
inoculation (hpi), 3day post inoalation (dpi), 2dpi and 5dpi and subjected to RNAequencing using
lllumina 50bp PE reads to a depth of 40 million reads per sample. Differential gene expression and
gene ontology enrichment indicated that the resistant seedlings showed controlledhaterd
responses with a hypersensitive response, while the susceptible seedlings showed no systemic respons
against myrtle rust. Brassinosteradnalling was apparent as an enriched term in the resistant
interaction at Alpi, suggesting an important eolof this phytohormone imefenceagainst the
pathogen. Brassinosteroid mediaséghallinggenes were also among the candidate genes within two
major disease resistance loeugcinia psidiiresistance)Ppr3 andPpr5. While brassinosteroids have

been taged as positive regulators in other plant disease resistance interactions, this is the first report
in theEucalyptus Austropuccinia psidiinteraction. Furthermore, several putative resistance genes,
underlying known resistance loci and implicated mititeraction have been identified and highlighted

for future functional studies. This study provided further insights into the molecular interactions

betweerE. grandisandA. psidii contributing to our understanding of this pathosystem.

Keywords: Austropuccinia psidii, EucalyptuRNA-seq, phytohormones, resistance loci
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2.2 Introduction

Austropuccinia psidi(G. Winter) Beenker{formerly Puccinia psidij commonly myrtle rust) is a
biotrophic fungal pathogen causing widespread devastation to the natural and commercial range of
numerous plant species within the Myrtaceae family. Originating in South America, this pathogen
jumped from native Myrtaceae tatiaducedEucalyptusand has since spread across the world causing
devastation to natural and introduced Myrtaceae spéCiasegie and Pegg, 201&urrently, A.

psidii has been discovered in South and Central Amédoatinho et al., 1998)nd Florida, California

and Hawaii in the USA, North AmeriggMarlatt and Kimbrough, 1979; Rayachhetry et al., 1997,
Uchida et al., 2006)The pathogen has also been reported in countries such agKlaywanishi et al.,

2009) Australia(Carnegie et al., 2010China(Zhuang and Wei, 201150uth Africa(Roux et al.,

2013) New Caledoni&Giblin, 2013) IndonesigMcTaggart et al., 20165ingapore and New Zealand

(du Plessis et al., 2019Myrtle rust has an unusually broad host range on various members of the
Myrtaceae family, affecting approximately 480 species within 86 genera, producing yellow pustules
of urediniospores on growing leaves and sh@@tsutinho et al., 1998; Soewarto et al., 20Id)is

results in dieback of shoot tips, stunted growth and in severe cases plar{Céeadyie et al., 2016;

Pegg et al., 2017; Fensham et al., 2020; Pegg et al.,. 22€glyptusspp. are amongst the most
susceptible members of this family to myrtle rust, posing a risk to their natural and introduced ranges
(Coutinho et al., 1998; Junghans et al., 200®@&h Eucalyptus gradis showing variable responses
ranging from highly susceptible to resistant.

Plants have evolved complex and integratiedencemechanisms against pathogenic organisms,
including preformed and inducelgéfencesPreformediefencesnclude factors such asiticle waxes

on the leaf surface, cell walls and secondary metab@hi@sloo et al., 2014§os Santogt al.(2019)
found the chemical composition of the cuticle waxe&imgrandisand E. phaeotrichacontribute
significantly to susceptibility againat psidii with various cuticular signals influencing the interaction
between host and pathogen. Additionallyjesl leaves oE. grandishave been shown to comprise
greater amounts of waxes than younger leaves which may affect the abitpsfliiurediniospores

to adhere to or penetrate the leaf surface. This results ipepedration resistance in mature free
against this pathoggiXavier et al., 2015)When a urediniospore successfully attaches to the surface
of the leaf, the spore germinates and developsm tydre. From the germ tube, an appressorium forms
which gives rise to a penetration peg that infiltrates the cyetinho et al., 1998Following leaf
infiltration, haustoria develop in the host céloutinho et al., 1998; Glen et al., 200R)is through
these haustoria that the pathogen acquires nutrients from the host plant to ensure its(ldatvival
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and Mendgen, 200Bnd sustained release of proteins that suppress thddiestaesponseglones
and Dangl, 2006)These proteins are known as effectors (or avirulence proteins) that contribute to the

succes of the pathoge@ones and Dangl, 2006)

Junghanget al. (2003a)dentified a locus associated wig psidii resistance irE. grandis termed
Puccinia psidii resistance (Pprl), as per the previous classificationffpsidii Pprlwas shown to
contribute to a large portion of resistance agagsidii. This locus was found to be associated with
numerous nucleotidBinding site leucingich repeat (NBS.RR) resistance genesRk-genes)
(Thumma et al., 2013Wwhich suggests resistance agaspsidiiis controlled by a combination of

these genes. The discovery of this locus allowed targeted breeding programmes, selecting for rust
resistance to combat this pathogerspite the significance &prlin rust resistance, clones carrying

this locus were shown to be susceptible to certain biotypspsidii indicating the locus was failing

at providing resistance agaimstpsidii(Graca et al., 2011Jour additional loci contributing to myrtle

rust resistance were discoveredtirglobulugButler et al., 2016)termedPpr2, Ppr3, Prd andPprb.

These quantitative trait loci (QTLs) determine if the plant shows symptep éndPpr3) and if

there is a hypersensitive response (IPRr4 and Ppr5) (Butler et al., 2016)The identification of
additional QTLs contributing to disease resistance highlights the complexity of rust resistance. Despite
the significance of these resista loci, few studies have investigated the expression patterns of genes

underlying these loci and little is known about how these genes contribute to disease resistance.

A recent study aimed to investigate the transcriptomdedfleuca quinquenerviapan infection by

A. psidii,to identify differences in responses among individuals with varying responses to the pathogen
(Hsieh et al., 2018)At 5-dpi, they found that susceptible plahtd higher levels of fungal transcripts

than resistant plants, suggestiAg psidii could grow more successfully in susceptible leaves.
Additionally, the authors found numerous differentially expressed genes (DEGs) associated with
defence These includ&NBSLRRgenes WRKYtranscription factors anBathogenesiselated (PR)

genes, such aPR1, PR2, PR3, PR4, and PR5, with expression varying among resistant
individuals. The authors suggest a potential role of the phenylpropanoid pathway in resgarste a

A. psidii however, expression of associated genes differed among resistant samples and further studies
are required to confirm this involvemei@ekiya et al. (202])studying he interaction betweeB.
grandisandA. psidii found that rust resistance largely depends on the control of phenylpropanoid
pathway related enzymes, corroborating the involvement of this pathwiayenceagainstA. psidii

Tobias et al. (20183tudied the transcriptional responsesSgzygiumuehmannii challenged byA.

psidii. The authors found wpegulation of receptelike kinase gene$yBSLRRgenes as well as genes

encoding enzymes involved in secondary metabolism which may contribute to disease resistance.
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Furthermore, they identified two THRBS-LRR-type genes differentially expressed adf# with E.
grandishomologs predicted within tHeprl locus.Santos et al. (202 vestigated the transcriptomes

of resistant and susceptile grandisupon infecton with A. psidiiafter 24hpi. The authors found
constitutive overexpression défencerelated genes in resistant compared to susceptible genotypes.
These responses included-iggulation of salicylic acid (SA) associated genes, signal transduction
and potein kinase leucinech receptors (PH.RR). These studies provide some of the first insights
into the transcriptional responses of Myrtaceae species challengedobidiiand further studies of
these interactions are required to gain a deeper unadgirggeof the molecular mechanisms governing

host resistance.

The present study aimed to investigate the molecular interaction of resistant and susaelipfgus
grandischallenged byA. psidiiover time. In susceptiblE. grandisgenotypes, mycelia drhaustoria

have reportedly been observed betweenal®l 18hpi and in resistant genotypes, these have been
observed between A&i and dpi. Tobias et al. (2018jound significant transcriptome changes
betwee resistant and susceptible sampletpPwhereadisieh et al. (2018)eported the possibility of
fungal parasitic feeding stage atpi. Therefore, we hypothesize thatlase and earlier time points
(12-hpi, 1-, 2- and 5dpi) investigation of the expression profiles of resistant and susceptible seedlings
would reveal molecular responses governing resistance, including changes in phytohormones, reactive
oxygen speciefROS) and resistance genes. Through this, we have identified putative pathways and
genes that contribute to had#fencein E. grandisthat can be manipulated in breeding and control
programmes, to mitigate the effects of myrtle rust. This is the first study to look at the transcriptome
of E. grandisupon infection byA. psidii over a time course and provides further insights into the

molecular interactions.

2.3 Materials and Methods

2.3.1 Austropuccinia psidiiinoculation trial

Eucalyptus grandiseedlings were grown from seed sourced from wild plants across its natural
distribution in eastern Australia, ranging from Cdffarbourin New South Wads to northern tropical

regions of Queensland. Seed was germinated in glasshouse conditions, where temperatures range
from 20:30°C. The seedlings, all with at least four young leaves, were inoculated to initially determine
the phenotypes. Inoculatiswere generally carried out as describedPlegg et al. (20145pores of

A. psidiiwere however collected froByzygium jambagrowing as seet trees in suburbs of Brisbane,

Queensland rather than using spores bulked from single spore inoculations in the laboratory. Spores
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were shaken into paper bags and passed through a sieve in the laboratory to remove plant debris. The
collected spores werthen desiccated in silica gel for 48 h and store8QRC. Urediniospores of the
pandemic biotype were removed freB0°C storage and left at room temperature before addition of
sterile distilled water with 0.05% tween 20. Spore were counted udwagraocytometemwith the
concentration adjusted to 1x1€pore mL. Six-weekold E. grandisseedlings were spray inoculated

with A. psidii urediniospores using a fine mist at a pressure of 2.9 kPa. Spores were applied to the
upper and lower leaf surfaces, ahd seedling trays were covered with a plastic sheet for 24 h in the
dark at 18°C. After 24 h, the plastic covers were removed, and the seedlings were assessed for
resistance and susceptibility based on their responses at two weeks post inotelasnyere rated

on a scale from one to five, where rating one was considered resistatgr@tion) and rating five

was considered susceptibleiffieraction) based on the system usedlinghans et al. (2003@)able

2.1).

Seedlings rated R and S were seleetad separated out from other seedlings, and diseased tissues
were removed by pruning. The seedlings were left to reshoot and after eight weeks inoculation trials
were repeated to obtain samples for RBEY. Seedlings were either inoculated as describakeab
(infected), or mocknoculated with sterile distilled water with 0.05% tween 20 (control). The youngest
two sets of leaves of the infected and control plants were sampled as these are the most susceptible t
A. psidiiinfection. Samples were collectt?]dm the seedlings at four time intervals namelyhpg, 1-

, 2- and 5dpi with every time point sampled from the same individual. Three replicates per time point
were collected, comprising 14 seedlings per replicate to account for the genetic diversitythvei

seedlings.
2.3.2 RNA extraction and sequencing

Leaf samples collected from infected and control groups were subsequently frozen in liquid nitrogen.
Total RNA was extracted as describedZang and Yang (2002nd teated with Qiagen RNaseee

DNase 1 enzyme (Qiagen Inc.). Following successful RNA extraction, the samples were purified using
Qi agen RNeasy Mini Kit as per the manufacture
quality of the extracted RNAhe samples weranalysedising BicRad Experioranalyser Purified

RNA from three biological replicates were submitted to the Beijing Genomics Institute (BGI) for
MRNA-sequencing using 50 bp pairedd lllumina HiSeq 2500 with an insert size of 300 bg an
sequencing depth of 40 million reads per sample.
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2.3.3 Mapping and analysis of reads against Eucalyptus grandis/2.0 genome assembly

RNA-seq data weranalysedising the Galaxy workspa¢€oecks eal., 2010)and FASTQC v0.11.3
was used to assess read quality. Reads from-thadRSinteractions at each time point (both infected
and control samples) were mapped to Eheggrandisv2.0 reference genon®lyburg et al., 2014)
using Bowtie 2(Langmead and Salzberg, 2012)ophat2 v2.0.14(Trapnell et al., 2012)and
featureCounts v1.5:p3(Liao et al., 2013)Pathogen transcripts were removed for the purpose of this
study and will be investigated in future studies usingAhesdii reference genomgrobias et al.,
2021)

Data was normalized and variance stabilized transformation was applied in DESeg2t al., 2014)

and transcripts per kilobase million (TPM) in R v3.GR0Core Team, 2018PDEGs wereanalysed

using DESeq2 with filtering based on a tfadd change (>1.00 or-4.00 log (fold change)) and a

false discovery rate ¢t < 0.001. We compared changesjene expression between resistant, control
relative to resistant, infected {iRteraction) and susceptible, control relative to susceptible, infected
(Sinteraction) to determine the effect pathogen infection would have on each interaction.
Additionally, we compared susceptible, control relative to resistant, cont®@MS RC) to determine

the background gene expression. Heatmaps were generated using the R package ComplexHeatma

v2.0.0(Gu et al., 2016¥sing log (fold change) values.
2.3.4 Enrichment analysis

Identified DEGs wereanalysedfor Gene Ontology (GO) enrichment owepresentation in the
category biological processes (BP), to identify biological pathways potentially involved in the
interactonEnr i chment was cal cul at pvdluesgeremdjustédiusng the 6 s
Benjamini and Hochberg (BH) method with a false discovery rate (FDR) of 0.05, with all calculations
performed in R v3.6.0. Enrichment was determined separately fomallpoints as well as u@nd
downregulated DEGs. Additionally, Kyotd&Encyclopaediaof Genes and Genomes (KEGG)
annotation enrichment was performed on DEGs to identify enriched KEGG terms using the same

method.
2.3.5 Identification of candidate genes underlying Austropuccinia psidiiresistance loci

To identify candidate genes underlyiAgpsidiiresistance QTLSRprl, Ppr2, Ppr3, PprandPpr5),
the physical positions of their flanking markers were obtained (TaBJgRinghans et al., 2003a;
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Mamani et al., 2010; Butler et al., 2Q1Bhytozome v12.Was used to identify genes underlying these

physical positions oéach locus on its respective linkage group using the genome browser.

2.4 Results

2.4.1 Eucalyptus grandigisease progression in response to Austropuccinia psidii

Disease progression was monitoredtinely for the presence of symptoms. Disease assessments were
performed on the primary and secondary foliage (youngest two expanding pairs of leaves) to avoid the
influence leaf age may have on disease severity levels. Based on symptom developuaiargs see
were assessed -‘bpi. Different responses were observed Hn grandis seedlings following
inoculations as shown in FiguPel. Symptoms were similar to those observed in previous inoculations
performed byJunghanst al. (2003h) This included light chlorotic flecking on seedlings rated one.
Visible HR and necrotic lesion formation on seedlings rated two. Progression of necrosis and formation
of uredinia pustules were observad ratings three and four. Severe pustules were observed in
seedlings rated five, with disease commonly occurring on the petiole and stem. For the purpose of this
study, plants rated one were considered resistant (R) and those rated five on the smlerity s
considered susceptible (S), with samples harvested from these ratings for further differential gene

expression analysis.
2.4.2 Differential gene expression in resistant and susceptible Eucalyptus grandis

To determine the effects pathogen infection wouldehav infected seedlings, we compared infected
and control seedlings for both the Bnd Sinteractions across the time series. There were 4,681
significantly DEGs over the time course in thénReraction, while there were 2,800 DEGs in the S
interaction @er the time course (data not shown). During early infection dtpi2there were 50
down and 96 upregulated genes in theiRteraction, while the $teraction had 39 dowrand 309
up-regulated genes (Figure2&). The number of upegulated genes begacreasing at-tpi in both

the interactions. Uypegulation of genes peaked in tharfReraction at Zpi with 2,221 genes and 5

dpi in the Sinteraction, with 2,146 genes (Figure2R). Basal gene expression in resistant and
susceptible plants might ctitbute to disease phenotypes when a pathogen is introduced, as previously
observed in tha. psiditE. grandigpathosysteniSantot al., 2020)To investigate this, we compared
susceptible, control relative to resistant, contreC(8s. RC) (Figure 22B). There was a total of 209
DEGs across the time course (data not showhgse results suggest that differences in basal

expression exist.
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To identify pathways putatively involved in resistance and susceptibility agAinpsidii GO
enrichment was pasfmed. No overepresented GO terms were identified B &s. RC, which is
expected due to the low numbers of DEGs. Fi@u8eshows a heatmap of ovepresentedefence
related terms in both the-Rand Sinteraction over the time serieBefencerelatal terms were
separated into terms associated with phytohormsigealling and responses, oxidative burst,
secondary metabolism andefenceresponses. Additionally, upand downregulated terms are
represented. Terms enriched in thanRraction involve ugegulation of genes associated with
brassinosteroid (BR¥ignalling at 2dpi, genes associated with a range of salicylic acid (SA)
associated pathways as well as jasmonic acid (JA) and ethylene (ET) associated pathway. Enriched
terms in the Snteractioninvolve upregulation of genes associated with JA and abscisic acid (ABA)
pathways. Interestingly, the-iRteraction showed upegulation of secondary metabolic pathways
including terpenoid transport, while these respomsggabsent/dowsregulated in te Sinteraction.
Moreover,defenceesponses such as callose deposition wetregiplated in the fnteraction, while

these responses were limited in thm&raction.

The DEGs identified in the Rand Sinteraction wereanalysedwith KEGG to further elaidate the

putative role these genes playdiefencepathways. KEGG was used to determine pathways involved

in defenceagainst this pathogen. KEGG enrichment revealed @pg ul at i on ofi fAph
antenna pr-opt,epregaul ati dRdotbadkbopen b-dppargupt hesi
regul ation of Aami no sugar ap dniqueuocthe dudractdore s u g
Shared responses included ptpathogen interaction atdpi, 2-dpi, and 5dpi. Interestingly, at-&lpi,

the Sinteraction showed downregulation of cutin, suberin and wax biosynthesis (Fig@utg
2.4.3 Brassinosteroid signalling in response to Austropuccinia psidiiinfection

In the Rinteraction, BRsignalling was observedat 2dpi, with these responses absent in the S
interaction (Figure2.3). Further investigations into the genes contributing tos@fRallingrevealed

DEGs in both interactions, with theiRteraction expressing more of these genes at greater intensities.
Signallinggenes included BRi&ssociated receptor kinagAK?1), leucinerich repeat protein kinase
family proteins andBZR1family proteins. These genes showed different expression patterns across
the R and Sinteraction over time, with the greatest segsion observed in theiRteraction at Zipi.
Similar responses were observed-apbin the Sinteraction, although these terms were not enriched

in the GO analysis (Figur2s).
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2.4.4 Expression of candidate genes underlying Austropuccinia psidiiresistance loci

To identify candidate genes underlying known resistance loci, the physical positions of the flanking
markers were identified (Tab22) and the genes between the markers were selected for further
investigation (Supplementary Tal#d). Table2.3 shows the total number of genes identified within
each locus, with the number of DEGs underlying these loci. Additionally, the numBagenks and
differentially expressed (DHR-genes underlying these loci are shown (Tdb& Supplementary
Table 22). To determine the putative biological pathways that underli@tpsidii resistanc&TLs,

the candidate genes identified were investigated GO biological processes functional
characterisation (Supplementary Figa&). Defencer e | at ed enri ched t er ms
salicylic defencyr essporudeiss 0andi Asal icylic acid me
of thesePpr loci in defencerelated processes highlighted throughout literature, the results of the GO
BP enrichment analysis as well as the identification of numeRgenes prompted further

investigations into the expression profiles of the candidate genes underbsegQfLs.

To determine the roles thfe psidii resistancdoci play indefence DEGs underlying the QTLs were
identified in the R, Sinteractions (Figure26) and SC vs. RC (Figure 2.7A-1). Across all
comparisons, there was significant differential eggion oR-genes, namelNBSLRRgenes (Table
2.3, Supplementary Tab23). Figure2.6 is a heatmap representing dg¢tpld change) values of the
DE R-genes underlying these QTLs in thed®d Sinteractions. Differential expression of thdze
genes is greater in theiRteraction, with ugregulation of numerous genes earlier in the interaction
between 1and 2dpi when compared to theifteraction. The&s-interaction shows similar differential
expression patterns later in the time series, betweand®5dpi. The DER-genes underlyingprl,
Ppr2, Ppr3and Ppr5 had low TPM values, despite showing significant differential expression.
Interestingly Ppr4, a locus determining if the plant exhibits KButler et al., 2016)showed increased
expression of thedg-genes, with expression of these genes greater than those observed arthe oth
disease resistance QTLs. This corroborates the findings in A@unehere HRassociated responses

were significantly enriched in both the &d Sinteractions.

To determine the differences in constitutive expression denes underlying theskase resistance
loci, weanalyseds-C relative to RC and found nine DR-genes underlying these loci in the control
samples (Tabl@.3, Supplementary Tab2.3). Figure2.7A-I shows the expression (TPM) of these
genes over the time series. Eucgr.F01132 (Figui@) and Eucgr.F01139 (FiguerH), underlying
Ppr4, are highly expressed, this is similar to the findings in thenld Sinteractions, in whiclR-genes

were highy expressedEucgr.100210 (Figure.71), underlyingPpr5, showed greater constitutive
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expression in FC at 12hpi, 1- and 2dpi, suggesting a role in constitutive resistance againssidii
Interestingly, Eucgr.C01921 (Figuge/B) underlyingPprl showea significantly greater DE in &

at 2dpi than in SC. Gene Eucgr.C02650 (FiguPe/F) showed greater expression HCSt 12hpi,

with the expression of this gene increasin@ Rt 5dpi. The timing and intensity of basal expression

of these genes may miibute to the phenotypes observed when resistant and suscEptjéadisis
challenged bw. psidii Further studies into the functional role of these genes are required to determine
if they contribute to rust resistance and how these genes ditfer aiolecular level between resistant
and susceptible seedlings.

Genes involved in BR mediatesthnallingwas significantly overepresented in the-Rteraction at
2-dpi (Figure2.3 and Figure2.5). To determine if thépr loci harbourgenes associateditv BR
signalling genes associated with this pathway identified through @Q@.{009742)vere compared
to genes underlying the resistance loci. No BR medgtgthllinggenes were identified withiRprl,
Ppr2 andPpr4. Two and four BR mediatesignallinggenes were identified withiRpr3 and Ppr5,
respectively. These genes includsignallingkinase (BSK1), leucinech receptors (BRI1), protein
kinases and a BR receptor (Supplementary Ta#dle

2.5 Discussion

The aim ofthis study was to compare the transcriptional responses of resistant and susEeptible
grandiswith A. psidiiover time. Through this, we identified pathways that may be involved iB.the
grandisdefencaesponse against myrtle rust, such as the hypstsenresponse, oxidative burst, and

a range of phytohormones, with brassinosterastignalling identified in resistant seedlings.
Additionally, the timing of these responses varied betweemrfd Sseedlings, with delays and
absences of responses in |jible hosts. This suggests the important@ coordinated, rapid
response in resistance agaiAstpsidii Analysis of loci associated with resistance revealed these
resistance lodnarboura plethora oR-genes, and we have identified candid@igenes that are DE in

the interactions, showing potential involvement in the disease outcome. Overall, we suggest a

combination of these responses contribute to the resistance obseEveptandis
2.5.1 Selection of resistant and susceptible seedlings

Despitethe absence of physical symptoms of HR in the resistant seedlings, HR was significantly
enriched in the resistant RN#eq data, suggesting that this response is occurring at a molecular level.
The plant material sourced for this study were seedlings retherclones. This introduces genetic

diversity within each rating class, affecting the results obtained in downstream data dialysis
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et al.,, 2018) It is possible that the molecular responses observed are reprgseotdtie genetic
diversity within the samples, with the HR varying among seedlings within the resistant rating class.
This accounts for the variation seen in seedlings rated one, where few showed no visible infection and
most showed light chlorotic fleakg (Table2.1). A study conducted bwang et al. (20183howed

that HR is involved in resistance against anthracn@sdlgtotrichun) in the tea plantGamellia
sinensi3. Through transcriptional analysis and histochemistry, thteoas found the significant
involvement of the HR, where cell walls were reinforced in resistant cultivars as a resu®of H
accumulation. Despite the involvement of HR in resistant cultivars, resistant leaves did not present
with physicalsymptoms of disease or show signs of HR. Despite this, future studies will need to
investigate the levels of HR associated compounds, suck(asikliresistankE. grandisto determine

if this mechanism is associated with plant resistance at a moleatggrdespite the lack of physical
evidence of the HR.

Seedlings rated one were considered resistant while seedlings rated five were considered susceptible
This was characterized by either showing few symptoms of infection or large pustules on leatgs, sho
and petioles (Tabl2.1). Seedlings rated two can also be considered resistant, as the presence of HR
is indicative of host resistance against infection. However, the presence of necrosis suggests cell deatt
as the result of disease rather than resigtaas described orel and Dangl (1997)Additionally,

we observed in some instances that seedlings rated two developed pustules, despite the presence of &
HR. For this reason, despite an HR obseineseedlings rated two, we only selected seedlings rated

one and five for RNAseq analysis to investigate the transcriptional responses of the two extremes of
host resistance and susceptibility. This is a criteria also selectadsigp et al. (2018when

investigating the responseshf quinquenerviaiponA. psidiiinfection.
2.5.2 Improper timing and coordination may lead to host susceptibility

Gene ontology biological procass functional characterisation of DEGs in both theaRd S
interactions over time revealed interesting patterns of responses #&ggsgtii In both interactions,

there was significant upegulation oidefencerelated terms over time, with few or no dovagulation
observed. These responses appeared to begin earlier initiberaStion, with significant over
representation adefencerelated terms observed at-tbfi. These included responses associated with

SA biosynthesis andignalling hydrogen peroxide metabolism and MAPK cascades (Fi8jeA

possible explanation for the earlier increased expression of genes may be due to a lack of effective
preformeddefencesA study byHsieh et al. (20183uggests that resistance in some individuaM.of

guinguenerviagainst myrtle rust may be influenced by preformetitncesuch as physical barriers
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and chemical constituents. Theiieraction may have effective preformddfenceshat prevent
appressorium formation at i, while these barriers may be absent more susceptible hosts.
Additionally, Xavier et al. (2001)eported that primary hyphae were observed dtdian susceptible

E. grandishosts, while only observed in the resistant hosts dtpl8This is further supported by a

study conducted bylos Santos et al. (2018) which susceptibity in E. grandisandE. phaeotricha

was greatly influenced by the chemical composition of the cuticle waxes. Susceptible hosts lack
effective preformed foliar compounds to prevent fungal penetration and as a result, respond to the
presence of the pathogearlier than in resistant hosts.

Despite this observation, theiRReraction shows a rapid increase in responses ew&dl2dpi, while
similar responses are muted or absent in tiv@eBaction. Our study suggests that thmt8raction

can induce a gponse againg®t. psidii as evident by the changes in the transcriptome upon infection.
However, it cannot implement adequate and sustained mechanisms to combat disease shown by the
absence of criticalefencaesponses by-8pi. A recent study showed that susceptible genotyp8&s of
luehmanniihad no coordinated systemic responséAtgpsidii with low host transcript numbers
detected Tobias et al., 2018)This is further supported dyantos et al. (2020in which susceptible

E. grandisgenotypes were able to activadefenceresponses after-dpi with A. psidi, but the
responses did not result in successfefencedue to a lack of effective signal transduction. This
suggests that susceptilite grandishosts and similarly of other Myrtaceae species, lack coordination
in regulation oflefencerelated genes, ich may contribute to disease susceptibility. A previous study
on the interaction betweek psidiiandM. quinquenerviashowed susceptible plants had various up
regulateddefencerelated responses aidpi (Hsieh et al., 2018)This is similar to the results obtained

in this study, suggesting that Myrtaceae species are able to defdmgesgainsiA. psidii but delays

in these responses may contribute to susceptibility.-Owepenation later in the interaction atdpi

may be too late to prevent spread of disease.

Interesting KEGGover e pr esent ed t er ms Jiannctleundnead piiegolhtss i onssyor
in the Rinteraction at 1zpi, with this term absent in the-iteracton over the time series.
Photosynthetic processes are known to play roles in gédahceagainst pathogenic invasiddantos

et al. (2020¥ound the constitutive involvement of this pathway indkeéencaesponse in resistaht
grandisgenot ypes. Further more, Aamino sugar and n
R-interaction at Zpi. Sugarsignallinghas been implicated in disease resistance, with high levels of
sugars in plants contributing tiefenceresponses. Increasedapt sugars contribute to resistance by
inducing expression ¢Rgenes, interacting with the plant phytohormone biosynthesisigndlling
pathwaygMorkunas and Ratajczak, 201ah)d increasing production of R@Q8orkunas et al., 2008)
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Exogenous applications of sucroseMitis viniferainduces the production of secondary metabolites
such as phenylpropanoid, which may contribute to disease resistancat@oddiy sugasignalling

(Ferri et al., P11) The upregulation of phenylpropanoid biosynthesis identified in this study (Figure

4), as well as identification of this pathway in other studies investigating interactions with myrtle rust,
suggests the importance of phenylpropanoids in resestawidh sugar metabolism putatively
contributing to the induction of this pathway. Moreover, sugar transport, mediated by the sugar
transport protein TaHTP, was found to contribute to resistance against the biotrophic rust pathogen
Puccinia triticinain wheat(Savadi et al., 2018)

2.5.3 Eucalyptusgrandis phytohormone responses to Austropuccinia psidii

Phytohormones contribute significantly to plalgfenceresponses, with crosstalk existing between
them to facilitate defence against pathogenic invasion. In this study, genes associated with
phytohormones were extensively enriched in both resistant aodmibleE. grandisseedlings upon
infection withA. psidii(Figure2.3). These include genes relating to SA, JA, ET, ABA, and auxin. Our
results suggest putative involvement of SA biosynthesissagmalling with downstream responses
such as systemic quired resistance identified (Figu2e3) in both the resistant and susceptible hosts.
Santos et al. (202@pundthe upregulation of SAsignallingand responsive genes when comparing
mock-inoculated myrtle rust resistant and susceptiblgrandisgenotypes. These findings suggest
the importance of SA i&. grandisdefenceagainstA. psidii both at a constitutivenal induced level.
Interestingly, GO analysis revealed the involvement of BR-@pi2n the Rinteraction, a pathway
absent in susceptible hosts.

BRs are polyhydroxylated steroidal phytohormones found in plants that have versatile roles in many
plant phy#logical processes. These processes include those such as cell growth and development,
seed germination and response to abiotic s(&ssi et al.2015; Yu et al., 2018; Kim and Russinova,
2020) In recent years, studies have emerged implicating BRs in resistance to various pathogens, with
complex molecular interactions driving host responses against pathogenic ir{Gisadhary et al.,

2012) BRs have been showndonfer resistance against biotrophic bactétiaang et al., 20149nd
exogenous application confers systemic resistance to biotrophic fungi suOidiasn sp. and
Magnaporthe griseéNakashita et al., 2003)

Many studies on the roles BR play in modulating immune responses have focused on theit¢ucine
repeat receptdike kinase (LRRRLK) and BRI1 (BRinsensitive l)associated kinase (BAK1).
BAK1 is a cereceptor of BRI1 and plays a role in BR signal transduction as well as interacting with
pattern recognition receptors (PRR) to induce a PTI response against inpattagens(Li et al.,
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2002; Vert, 2008; De Bruyne et al., 201Byassinolide (BL), an active form of BR, binds to BRI1
leading to autophosphorylation and the activation of BAE& Bruyne et al., 2014 his ultimately
leads to downstream transcriptional changesaated with BRsignalling BAK1 has been implicated
in disease resistance against fungal pathogens incl&ftitggotinia sclerotiorumand Verticillium
dahliae (Fradin et al., 2009; Chaparfgarcia et al., 2011and the identification of nine DBAK1
genes in the present study suggests a putative role of BR and assodeptdrsein thadefence
response againgt. psidii The higher number of DBAK1 genes in response fa psidiiin the R
interaction may contribute to disease resistance. Similaalytos et al. (202@und constitutive over
expression o BAK1when comparing moekioculatedA. psidiiresistant and susceptilie grandisat
1-dpi, corroborating the findings of the ment studyAdditionally, in a transcriptome study between
banana andrusarium oxysporum sp.cubenseupregulation ofBAK1was identifiedin relatively
resistant banana plants, potentially implicating this gene in the innate immune response iffLlbanana
et al., 2013)

In addition to BAK1, the somatic embryogenesis receliter protein kinasel (SERK1) are
implicated in disease resistance in tomato against the foliar fungal patl@gdasporium fulvum
(Fradin et al., 2011)The SERK protein family, which includes SERK3/BAK1 has been extensively
shown to coftribute to disease resistance. In this study, $#RK1genes were DE i&. grandisupon
challenge byA. psidii(Figure2.4). The expression of these genes is similar to thBASfL Further
analyses of the genes involved in BRnallingrevealed DE ofjene BZR1 encoding brassinazole
resistant 1This is a transcription factor responsible for repressing expressimiarfcerelated genes
(Robet-Seilaniantz et al., 2011urther studies into the role this gene is playing during the interaction
of E. grandisare required. However, eegulation of this gene was low or absent over the time course
within both interactions. This suggestefene-related responses involved in PTlI may not be

repressed.

Despite our results suggesting a role of 8Bnallingin defenceagainstA. psidii studies on the
effector AVR2 have shown that increased 8gnhallingin transgenic potato plants leads to enkednc
susceptibility toPhytophthora infestansThis effector manipulates the crosstalk that exists between
plant growth and immunity to facilitate enhanced pathogen coloniz@tiombull et al.,2017) This
highlights the complexities of BBignallingand the roles this phytohormone pathway plays in plant
defence Different pathogens employ different virulence mechanisms to elicit disease in host plants,
and this may explain & different outcomes observed in Bdfgnalling betweenP. infestans
(oomycete) and\. psidii(fungus). Moreover, the lifestyle of the pathogen contributes to the outcome

of BR in plantdefence Despite AVR2 being upegulated during the biotrophic phaséPininfestans
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this oomycete is a herbiotroph whileA. psidiiis a biotroph and studies have shown that BR increases
plant defencein response to biotrophs while decreasing plefenceagainst hemibiotrophs and
necrotrophgDe Vleesschauwer et al., 2012; Turnbull et al., 2017; Yu et al., 2@1i8)contributes
further to the complexities of this phytohormone in plant responses. For this neaserstudies are

required to understand how BRs contribute to the respongegadndisto A. psidii

The identification of BR mediatezignallinggenes underlying. psidiiresistance loci may implicate

this pathway in the resistance conferred by theseRpeB harbourgdwo genes that are associated with

BR signalling and BR receptors, whil®pr5 harboursfour genes that code leuctneh receptor
proteins and protein kisas. Eucgr.G01832 (BRihteractingsignalling kinase, BSK1) underlies

Ppr3, while Eucgr.l00302 and Eucgr.I00303 (BRI1) underkgs5 (Supplementary Tabl24). BRs
associates with BRI1, causing phosphorylation and subsequent dissociation of BRI1 from its
associated inhibitors. This cascade event leads to the activation of BAK1 and the phosphorylation of
BSK1 (De Bruyne et al., 2014; Yu et al., 2018his causes activation of downstream &gnalling
responses and changes in gene expression. Despite thesarbmiringBR signallinggenesthese

were not DE in this study. However, extensive polymorphisms may exist within these genes that affect
the expression as well as the final protein product, which may contribute tsigBRlling and
resistance againgt. psidii Further studies are reiged to identify single nucleotide polymorphisms
(SNPs) that may exist between resistant and susceptible seedlings to determine how these genes ma
contribute to disease resistance.

2.5.4 Constitutive and induced expression of candidate resistant genes

Plants ecognize pathogen effectors through resistance proteins, most commonly the nucleotide
binding domains and leucifrech repeats (NLRgPJones and Dangl, 200@&ffectors are small secreted
proteins (SSPs) that the pathogen deploys to facilitate the manipulation of host responses, allowing the
pathogen to acquire host nutrients and reduce plefieince(Fudal et al., 2018)The recognition of

these pathogenic effector proteins leads to effdcdggered immunity (ETI), resulting in oxidative

burst of ROS as well as hypersensitive responses (HRygdoml Dangl 2006)These responses lead

to extensive modifications iefencerelated gene expression and prevention of pathogen spread from
the site of mfection(Dodds and Rathjen, 2010)

In Eualyptus,numerousk-gene loci conferring resistanceAopsidiihave been discoverédunghans
et al., 2003a; Butler et al., 2018)prl confers resistance to myrtle rustangrandiswhile Ppr2-5 has
been shown to confer resistance to myrtle ru&.iglobulusa close relative oE. grandis(Butler et
al., 2016) Little is known about the changes in expression over time of genes associated with these
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loci and how they contribute to disease resistance. To further investigate the genes underlying these
loci, we identified various DEGs in the interaction betwéepsidii andE. grandis,many of which
wereR-genes (Figur@.6 and Figure.7A-1, Supplementary Tabl2.3). In general, there were more
significantly DE R-genes in the Rnteraction underlying these loci than in thein&raction.
Additionally, the Rinteraction showed significant DE predominately betweeradd 2dpi, while
significant expression was only observed in thimt8raction during later stage infection. A recent
study by Santos et al. (2020identified two significantly DER-genes underlyingPprl when
investigating mocknoculated resistant and susceptiBlegrandisas well as susceptible infected and
control E. grandis namely Eucgr.C02650 and Eucgr.C02749. Eucgr.C02650 was mgwlated in

both, while Eucgr.C02749 was 4egulated in both. In w study, we found significant DE of
Eucgr.C02650 when investigating resistant, infected relative to control as well as investigations

between resistant and susceptible controls.

Ppr2 and Ppr3 determine if the plant shows disease sympt@Bugtler et al., 2016)In the R
interaction, these loci showed significant-nggulation at 1 and 2dpi. In contrast, while the
expression patterns are similar, then&raction showed fewer sigraant DE of thes®-genes. This
may contribute to the disease symptoms observed in susceptible se@&®pidgandPpr5 determine

if the plant exhibits a hypersensitive respofiaatleret al., 2016)Both hosts showed dowegulation

of these genes iApr4, suggesting the pathogen is potentially manipulating the HR that are controlled
by theseR-genes (Figur2.6). Despite this, there was significant expression of some of Rigeae

in both interactions a®pr4 showing high TPM values. Similarly, &pr5, the Rinteraction shows
more DE than in the-#teraction, with significant upegulation in the Rnteraction at Zpi. This
suggests an involvement of théggenes in the HR olsved in the resistant hosts. This observation
correlates with those made in the GO responses in which there is a delay in HR-intéracson.

It is important for plantdefenceresponses to be suppressedhe absence of plant pathogens, as
constitutive expression oflefencerelated compounds may be detrimental to plant growth and
development(Marone et al., 2013)However, onstitutive expression oflefencerelated genes,
includingR-genes, has been shown to contribute to disease resistance against pathogens. For example
in ArabidopsisADR1codes a specific GBIB-LRR resistance gene. Mutations in this gene led to the
constiutive expression of thiR-gene, conferring broaspectrum disease resistance against biotrophic
pathogens and drought toleran(rant et al., 2003; Chini et al., 2004urthermore, constitutive
expression of a TIRIB-ARC-LRR disease resistance protein conferred resistance to phytopathogenic
fungi and bacteriédWen et al., 2017)Our results suggest that the constitutive expressiétigdnes

underlying resistance QTLs may putatively contribute to disease resistance. These resuitsat®rrob
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those from a recent study investigating the transcriptom. @frandis which found constitutive
expression of genes encoding R proteins, such as Eucgr.C02650 undepyinthat was found to

be significantly constitutively DE in the present studlige authors suggest this constitutive expression
of defencerelated genes potentially contributes to disease resistance observedfagaiti(Santos

et al., 2020)

The identification of DER-genes when investigating tBegrandistranscriptomes, both at the induced
and constitutive levels highlights candidate genes putatively involved idefleaceresponses and
furtherinvestigations into the molecular differences that exist within these genes between genotypes

is required to elucidate their roles.
2.6 Conclusions

This study investigated the molecular interactiong.afrandisin response té. psidiito investigate
mechanisms underlying host resistarwe. identified pathways and genes potentially involved in the
interaction. This includes brassinostersighalling a pathway not previously reported in thepsidik

host interactions and variobsgenes that have different expression patterns, both at the constitutive
and induced leveldMoreover, our findings suggest that resistant and susceptible hosts share similar
responses, but timing and intensity determines disease severity. Due to the romticfoiature of
RNA-seq analysis, further functional studies are required to characterize the observed responses to
validate the results in the present study. This includes studies that investigate the brassinosteroid levels
between resistant and suscelgtilseedlings to confirm the involvement of this pathway in host
resistance. Moreover, investigations into the identified resistance genes are required to elucidate the
roles they play during the interaction. Future studies should also aim to includégvess of the
pathogen responses to identify mechanigmgsidiiis employing to manipulate susceptible hosts, as

it will provide insight into novel targets of pathogen control, facilitated by the use &.thsidii
reference genom@obias et al., 2021)n conclusion, the results from this study will contribute to
improved selection and breeding Bf grandisby manipulating pathways and genes tagged as

important contributors to resistance.
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2.8 Tables and figures

Table 2.1. Progression of disease symptoms observe&uwgalyptus grandign response t@&ustropuccinia
psidii.

Ratings?® Pustule size Disease symptoms
1 None present No symptoms evident or presence of flecking (chlorotic/clear)
2 None present Presence of a hypersensitive response with flecking or necrosis
3 <0.8 mm Small pustules, with one or two uredinia
4 0.81.6 mm Medium-sized pustules, with approximately 12 uredinia
5 >1.6 mm Large pustules, with more than 20 uredinia on leaves, petioles and/or shoot

a Based on parameters defined by Jungledrad. (2003b).
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Table 2.2. Austropuccinia psidirust resistance QTL and their physical positions on linkage groups.

QTL LG Physical position (bp) of flanking markers Reference

Ppri1 3 51,630,679 61,298,022 Junghans et al. (2003a)
Ppr2 3 28,711,882 42,683,460 Butler et al. (2016)
Ppr3 7 31,587,467 45,879,882 Butler et al. (2016)
Ppra 6 9,239,564 17,425,979 Butler et al. (2016)
Ppr5 9 1,718,324 23,366,994 Butler et al. (2016)

QTL quantitative trait lociL.G linkage grouppp base pairsPpr- Puccinia psidii resistanckci
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Table 2.3. The total number of genes identified underlying known resistance loci, showingntieer oftotal
and differentially expressed-genes in both resistant and susceptible hosts.

_ DEGs? Total R- DE R-genes?
Loci Total genes R s S-C vs. genes R s S-C vs.
R-C R-C
Pprl 382 45 23 4 34 8 2 2
Ppr2 459 45 34 7 35 7 5 4
Ppr3 752 86 56 4 25 6 1 0
Ppr4 506 93 45 3 54 9 7 2
Ppr5 9241 134 74 3 15 6 4 1

R = resistant; S = susceptible;@R= resistant, control;-E = susceptible, control.
a Genes were considered differentially expressed with a(folgl change) <1.00 and > 1.00 in at least one time point.
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Rating 1 Rating 2 Rating 3 Rating 4 Rating 5

Figure 2.1. Disease progression of Eucalyptusgrandisin response to Austropuccinia psidii Thetop leaves

show the adaxial while the bottom shows the abaxial view of the leaves. Rating one was considered resistant
while ratings two to five were considered susceptibla.tpsidii.Rating one showed slight chlorotic flecking,
progressing in rating tavand three where the flecking became necrotic and uredinia pustules began to form.
Uredinia pustules became more apparent in rating four and severe pustules began forming by rating five. Rating

one and rating five were selected for further analysis.
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Figure 2.2. Number of differentially expressed genes (DEGSs) identified through RNA-seq analysis over

the time seriesn (A) resistant (Rinteraction) and susceptible -{&eraction) andB) susceptible, control
compared to resistant, control-(Svs. RC) where grey bars represent genes greater expressed in the S
interaction and black bars represent genes greater expressed ifinteea&ion. Genes considered dewn

regulation with a log(fold change) <1.00 and ugegulated with logfold change > 1O0.
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3.1 Abstract

Austropuccinia psidjicommonly known as myrtle rust, is an obligate, biotrophic rust pathogen that
causes rust disease on a broad host range of Myrtaceae dpecadgptus grandisa widely cultivated
hardwood Myrtaceae specietiows a range of responses (from susceptibtesistant) té\. psidii
infection This pathogen threatarboth their natural range and various forest plantations across the
world. This study aimed to investigate tie psidii transcriptomic responses in resistant and
susceptibleE. grandisat four time points. RNAeq reads were mapped to #hepsidii reference
genome to quantify expressed genes ahdrs post inoculation (hpi),-12- and 5days post
inoculation (dpi). A total of eight hundred and ninety expressed genesfougr@d of which forty

three were candidate effector proteins. These included &ansferred protein (RTP1), expressed in
susceptible hosts atdpi and a hydrolase protein expressed in both resistant and susceptible hosts over
time. Functional categorisation of expressed genes revealed processes enriched in susceptible hosts
including malate metabolic and malate dehydrogenase agctiwifglicating oxalic acid in disease
susceptibility These results highlight putative virulence or pathogenicity mechanisms emplaofed by
psidii to cause disease and provides the first insight intortblecular responses & psidiiin E.

grandisover time.

Keywords: oxalic acid dual RNAseq; phytohormones; hegathogen interactiongucalyptus
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3.2 Introduction

Austropuccinia psidi{Winter) Beenker{Beenken, 20175 an obligate biotrophic rust pathogen that
causes myrtle rust on a broad host range within Myrtaceae, affecting approximately 480 species within
86 genergSoewarto et al., 2019Myrtle rust is considered a global pandemic, with incidence reports

in North America, South America, Asia, Africand various Oceania countrigMarlatt and
Kimbrough, 1979; Rayachhetry et al., 1997; Coutinho et al., 1998; Uchida et al., 2006; Kawanishi et
al., 2009; Carnegie et al., 2010; Zhuang and Wei, 2011; Giblin, 2013; McTaggart et al., 2016; Roux et
al., 2016; du Plessis et al., 2017; dedRIs et al., 2019Myrtle rust causes significant damage to
growing pant leaves and shoots, causing shoot tip dieback, stunted growth and in cases of severe
infection, seedling deafl&len et al., 2007)Symptoms are known to vary within and betwapecies,

with some displaying complete resistance while others exhibit severe suscehibiiithinton et al.,

2014)

Eucalyptus grandis a highly important forestry species, revered for its wood quality and rapid growth
propertied Grattapaglia et al., 2012y his economically and ecologically important hardd/species

is vulnerable to various emerging pests and pathogens, including myrtle rust, causing widespread
losses to the natural and economical raigerandisis considered highly susceptible to myrtle rust
infection, although some variation in diseasgerity exists between different genotypsmghans et

al., 2003a) Studies investigating the interactions Ef grandisand myrtle rust have revealed the
importance of constitutive expression of defernelated genes in resistan(®antos et al., 2020)
Constitutive expression of genes related to salicylic acid-(8&diated responses, photosynthesis and

a plethora of leucinéch receptors was linked to resistance against myrtle rust, while these responses
were limited or absent in susceptible sampl8antos et al., 2020)A recent study combining
proteomics and metabolomics to investigate the interactions betde@sidii and E. grandis
implicated the phenylpropanoid pathway, photosyntlpetibway andoxidativeburst in the observed
resistance against this pathod&ekiya et al., 2021 Plants susceptible to myrtlast were found to

exhibit similar responses, although earlier accumulation in resistant plants and more effective
downstream control are the main factors separating the phen@Bglega et al., 2021ylos Santos et

al. (2019)showed the importance of the ioular waxes composition in the resistance against myrtle
rust, with resistant plants having greater amounts of waxes than susceptible varieties. Moreover,
susceptibleE. grandiswaxes contained hexadecenoic acid, and this compound was found to be
favouralbe to A. psidii impacting growth and germination.
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There have been significant advances in our understanding of the mechanisms underlying host
resistance against myrtle rust. Comparatively, few studies have investigated the mechapgsdis
employs to initiate host colonisation and disease. Previous studies have highlighted the importance of
cell wall degrading enzymes (CWDES) in the succeds. @isidii with enzymes such as peptidases,
proteases, and modification proteins involved in hasteptibility(Quecine et al., 2016Moreover,

the authors found that susceptigleava infected with myrtle rust had greater abundance of pathogen
derived heashock proteins (HSPs), tubulin and actin proteins than what was found in the more
resistant infecte@ucalyptus suggesting an involvement of these chaperones in maintairtimggea

virulence.

Rust fungi are a complex group of plant pathogens that consists of approximately 8000(8peaeies

et al., 2017)These diverse fungahthogens have significantly larger genomes than any other species,
with sizes ranging from 300 Mbp to 2 Gpaime et al.,2017; Bakkeren and Szabo, 202Dye to the
obligate biotrophic nature of rust fungi, there have Heenstudies on the molecular mechanisms
governing the interactions with host plafBakkeren and Szabo, 202@tudies on rust pathogens
have revealedandidate effector proteins, although to date, few of these have been functionally
characterise@Petre et al., 2014A rust pathogen of poplalMglampsora laici-populing secretes an
effector protein (MIp124357) that increases susceptibility to bacterial and oomycete pathogens,
suggesting the ability of this protein to manipulate host immyMigdina et al., 2020)This protein

was found to interact with a host protein to localise to the tonoplast of host cells to facilitate infection.
Furthermore, this patheg secretes an effector protein (MIp37347) that localises to the plasmodesmata
of host cells where it functions to reduce callose deposition to facilitate infection of neighbouring cells
(Rahman et al., 2021 rust transferred protein (RTP1) was identified from the broad bean rust
pathogenUromyces faba¢kemen et al., 20059nd found to form filaments inside the host plant to
facilitate pathogen virulence during ledtage rust infection by protecting the haustorium from
degradatiorfKemen et al., 2013Pespite limited understanding of fungal effectors, and evare so

of rust fungal effectors, recent advances in

organisms to unravel the role these proteins play during host colonisation and fungal proliferation.

There have been few studies investigating the midecanteractions of myrtle rustithin its host

plants, highlighting the need for resources that can advance our understanding of the mechanisms by
which this pathogen causes disease. With the release Af gsgdiireference genom@obias et al.,

2021) it is expected that many studies will emerge investigating this pathosystem. The identification
of candidate effectors and virulence and pathogenggtyeshighlights targets for future functional

studies.The aimof this study was to investigafe psidiiresponses in both resistant and susceptible

76



In plantagene expression &. psidii

E. grandis to identifycandidate effector proteins as well as pathways involved in the interattiens.
hypothesize greater expressionfofpsidiigenes in the susceptible compared to resistant hosts with
the number of transcripts increasing over tiktsieh et al., 2018)Elucidating the molecular
mechanisms that govern these interactions will highlight novel pathogen targets for disease control
and management. This is the first study to look at the moleuractions of myrtle rust witk.

grandisover a time series.
3.3 Materials and Methods

3.3.1 Austropuccinia psidiiinoculation trial

Eucalyptus grandiseedings were sourcedom wild plants across their natural distribution in eastern
Australia, ranging from Coffs Harbour in New South Wales to northern tropical regions of Queensland.
Seedlings were grown from seed and germinated in glasshouse conditions, where tempargades r
from 20-30°C. The seedlings, all with at least four young leaves, were initially inoculated to determine
the phenotypes. The inoculations were as report&@hanepoel et al. (2021n brief, spores oA.

psidii were collected fromSyzygium jambogrowing as street trees in suburbs of Brisbane,
Queensland. The spores were desiccated in silica gel for 48 h and ste8@¥CatThe spores were
mixed with sterile distilled water with 0.05% tween 20 and spore counts were determinea using
haemocytomete(concentration adjusted to 1x18pore mll). E. grandisseedlings were spray
inoculated, with spores applied to the upper and lower surfaces of the leaves. The seedlings were
screened for resistance and susceptibility on a scale of 1 to 5 two weeks post inoculation, where
seedlings rated one were consideredstast (Rinteraction) and seedlings rated five were considered

susceptible (Snteraction), based on the system usediimghans et al. (2003b)

Seedlings rated R and S were selected and diseased tissues were réheseddlings were allowed

to reshoot for eight weekSeedlings were inoculated as described above (infected) orimoclklated

with 0.05% tween 20 (control). Samples were collected from these seedlings at four time peints (12
hpi, 1-, 2- and 5dpi), with three replicates per time point and 14 seedlings per replicate.

3.3.2 RNA extraction, sequencing, and annotation

Total RNA extraction was performed on inoculated and uninoculated frozen leaf samples as described
by Naidoo et al. (2013and Swanepoel et al. (2021The RNA samples were treated with Qiagen
RNasefree DNase 1 enzyme (Qiagen Inc.). Extracted RNA was purified with Qiagen RNeasy Mini

Kit as per the manufacturer 6s iRadsEkmrionanalyserro Sa
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evaluate the RNA concentration and quality. Purified RNA from three biological replicates were
submitted to the Beijing Genomics Institute (BGI) for mRNéquencing using 50 bp pairedd
lllumina HiSeq 2500, an insert size of 300 bp arskquencing depth of 40 million reads per sample.

To analyse the RNAeq data, Galaxy Workspa@oecks et al., 201@yas used to analyse the data

and read quality was assessed using FASTQC v0.11.3. Adapter sequences were removed, and th
integrity of the datavas determined. The ha#flyburg et al., 2014&nd pathoge(ilobias et al., 2021)
reference genomes were downloaded fidnytozome v12.1.§Goodstein et al., 201Bnd Zenodo

(DOI:10.5281/zenodo.35671),2respectively. The reference genomes were combined to create a

genome indexo be used in the mapping analysis. Quality fijassed reads were mapped to the index
genome using Spliced Transcript Alignment to a Reference (STAR), a universas&j\aigner tool
(Dobin et al., P13)and read counts was determined using Strin§ffextea et al., 2015Y0 obtain
functional annotations of the myrtle rust genome, diamond v(B&i€hfink et al., 2015)vas used to
perform BLASTp similarity searches using the BICnhonredundant protein database, RefSeq
complete protein database and the UniProtkKB/Swissprot database with a migimancoverage of
80%, minimum target coverage of 60% and a minimuvalae of 1e05. To obtain functional gene
descriptions and gene totogy (GO) terms for eacA. psidiigene, EggNOG v0.99.(HuertaCepas

et al., 2018and InterProScan v5.2%.0 (Jones et al., 2014ere used. To identify putative pathways
involved in theA. psidiiinfection process, the protein sequences of the exprésgsidiigenes were
annotated using GhostKOALfKanehisa et al., 2008nd analysed using the Kyoto Encyclopaedia

of Genes and Genomes (KEGG) database.
3.3.3 Differential expression analysis

To perform differential expression (DE) analysis, reads identified through transcript mapping were
imported into R v1.4.1106R Core Team, 2018)sing tximport v1.18dSoneson et al., 2015Jo

identify confidently expressed. psidiigenes, transcripts with read counts lower than 20 in at least
three libraries were filtered out, as they are considered lowly expressed. The imported, filtered read
counts were analysed using DESeq2 v 1.30dve et al., 2014)Pathogen genes were considered
significantly DE with a Benjamini & Hochberg FDR p& 0.05 and when the absolute value oklog

fold change > 0.5. Comparisons betweeraRd Sinteractions at each time point were made, where
up-regulation refers to genes with greater expression in{h&&ction and downegulation refers

to genes with lower expression in thengraction.
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3.3.4 Functional characterisation and identification of virulence and pathogenicity factors

To identify overrepresented gene ontology (GO) biological process (BP), cellular component (CC)
and molecular function (MF. psidiiterms, DEGs separated into-@mnd downregulated genes were
used for GO enrichment using GOSdg42.0(Young et al., 2010 R v1.4.1106, with a Benjamini

& Hochberg false discovery rate pf< 0.1. Similarly, total expressel psidiigenes separated into

R- and Sinteraction specific expression across the time series were used for GO enrichment following
the same metho&O enrichment was determined separately for BP, CC, MF, and KE&GGentify
putative virulence and pathogenicity factors, expressed myrtle rust genes inahe Snteraction
throughout the time series were identified and aligned the patiaxgtnnteraction (PHI) database
v4.2 (Urban et al., 202Qwith a minimum evalue of1x10% and a minimum identity of 60% to the
guery sequence. Additionally, the expressed genes werpared to the candidate effectors identified

by Tobias et al. (2021in the R and Sinteraction throughout the time series. The protein sequences
of the expressed candidate effectors were alignedettN@BI norredundant protein database with
default parameters. Informative hits with a minimumatue of 1x10° were selected for further

analyses.
3.3.5 Gene clustering analyses

Variance stabilising transformation (VST) was applied to normalise the expression data using DESeq2
v1.30.1(Love et al., 2014across all samples and time gsiin the R and Sinteraction. Since the

RNA was sequenced in different batches-Iip2 and 2dpi; 1-dpi; 5dpi), ComBat in sva v3.40.0
(Johnson et al., 2007; Leek et al., 20025 used to remove the batch effect separately for the host
and pathogen genes. Pathogen genes wlestered with a hierarchical clustering approach using a
Euclidean distance metric and complete linkage clustering method to calculatective msing VST

data. The number of clusters chosen to resolve the groups in the dendrogram cluster washée= 10.

z-score was used to generate line plots, where K = 10 and an expression heatmap across all samples.
3.3.6 Comparisons between Austropuccinia psidiitranscriptome and proteome data

In a previous study investigating the proteoma.gfsidiiin susceptible gava and resistait. grandis,
urediniospores were collected from infected fruit and leaves of guav&.agidndis,respectively
(Quecine et al., 2016The authors determined the protein abundance of thesdéesaamgl log ratios

of susceptible relative to resistant abundance was made. We aimed to compare the proteome identifiec
by Quecine et al. (2016and the RNAseq results obtained in the present study to gain a deeper

understanding of these interactions. We obtained the protein accession number84fj tibtal
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detected prieins captured within the urediniospores and retrieved the protein seqfiemeehe
UniProtKB/Swiss (http://www.uniprot.org/ release Version 2021 W4.used the obtained protein
sequences to perform a Conditional Reciprocal Best (CBR) BL{A&bry et al., 2014 pgainst the
predictedA. psidiiproteome to identify hits that are the most likely representatives of the previously
identified proteinsWe compared these to the total expres&egsidii genes to determine which

proteins corresponded with expressed genes.
3.4 Results

3.4.1 Disease progression in Eucalyptus grandis

Disease progression was monitored for the presence of symptoms. Disease assesseeatsed

out as described b$wanepoel et al. (2021pifferent responses were observed in the seedlings
following the inoculationgSwanepoel et al., 2021Briefly, symptoms ranged from light chlorotic
flecking (rating one), visible HR and necrotic lesions (atimo), progression of necrosis and uredinia

pustules (rating three and four) and formation of severe pustules in rating five.
3.4.2 RNA sequencing, mapping and expressed A. psidiigenes

RNA-sequencing in both the-Rnd Sinteractions yielded approximately &tlllion pairedend reads

per sample at each time point (Supplementary Table 3.1). As expected, 100% of reads in the control
samples (con) mapped to the host reference genome for battdFSinteractions at each time point,
confirming the quality of the apping analysis. Across the inoculated (inf)adRd Sinteractions at

each time point, ca. 99.9% of reads mapped to the host reference genome and ca. 0.09% of read:
mapped to the pathogen reference genome- an@ 5dpi in the resistant interaction, resaat one and

two biological replicates, respectively, did not map to the pathogen reference genome. Similarly, at 2
dpi in the susceptible interaction, reads did not map to the pathogen genome. The overall lowly mapped
pathogen reads may affect downstregane expression analysis, as the number of mapped reads may
not accurately represent timeplantainteraction betweek. grandisandA. psidii More reads mapped

to the Sinteraction at &pi than the R interaction. This is expected, as thate8action has
significantly more disease symptoms than tfdhe Rinteraction, and this may correlate with greater
fungal biomass as the disease progresses in-thter&ction,owing to the detection of more fungal

RNA.

Therewerea total 890 confidently express@dpsidiigenes throughout the-Rnd Sinteractions over

the time series, with 683 having successful annotations (ca. Four) hundred antiventy-four of
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the annotated genes had hits to hypothetical proteins (ca.a2P26 genes had hits to uncharacterised
proteins (ca. 4%). The remaining genes had informative hits that may shed light on the interactions
between myrtle rust anfl. grandis Figure 3.1shows the distribution of expressed genes across the
time series. Tére were more expressed genes in tHr@&action at 1zhpi, with 418 compared to 380

in the Rinteraction. The number of expresskdpsidiigenes increased in theiReraction to 709,

while only 639 genes were expressed in thet&action. By 2dpi, the number of genes significantly
decreased in the-Rteraction while remaining relatively stable in then&raction. Durindate-stage
infection at 5dpi, the number of genes in thareraction rose to 888, representing ca. 99% of the
total expressedenes. Comparatively, the number of genes expressed inittier&ction decreased

dramatically to 234.

When investigating ten most highly expresgegsidiigenes in the Rand Sinteraction, seven genes

were of the most highly expressed in both thamil Sinteractions (Supplementary Table 3.2 and 3.3,
respectively). Four of these genes, two highly expressed in both intesatmbtwo highly expressed

in either the Ror Sinteractions, are among the candidate effectors definéitbbias et al. (2021)
Moreover, seven of these genes, five of which are highly expressed in both interactions and two of
which are highly expressed in only theirReraction, are among the list of sigoéntly DEGs at 5

dpi. Unfortunately, these genes had no successful annotdtigrisperative to determine the identity

of these genes and the role they play during the interaction, as it may shed light on the pathogenicity
and virulence ofA. psidii This is particularly true of the genes uniquely highly expressed in-the S
interaction. Similarly, when investigating the top 100 most highly expressed genes, comparisons
between the Rand Sinteraction revealed 78 genes in common between interaction22agenes

unique to either the Hor Sinteraction.

When analysing the total expressed genes using KEGG, 529 genes (ca. 59%) had successful

annotations. The functional categories with

processi ngo fA(ccaar.b odhty'ddlr at e met aboli smo (ca. 8 %)
met abol i smoOKE(GEGa. en5 %)c.hment r e v e adxazatboxylion acm | v e m
met abol i smo, Abi osynthesis of amino aciadngo an

others (Supplementary Table 3.4).
3.4.3 Differentially expressed Austropuccinia psidiigenes

To determine the differences in gene expression between thiedRSinteractions, differential gene
expression analysis was performéd.psidii DEGs were consided upregulated when expression
was greater in the-Bteraction compared to the-iRteraction. Since there were only 890 confidently
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expressed\. psidiigenes, there were very few DEGs. No significantly DEGs were identifiedigtil2
and 2dpi. At 1-dpi, APSI_H004.3230 was significantly DE between theaRd Sinteractions, with
expression lower in the-f@teraction (log (fold change) =7.2). This gendid not have successful hits
when functionally annotated, so putative functions are unknowndft,3 1 genes were uegulated
with expression greater in theil@eraction and 15 genes were devegulated with expression lower
in the Sinteraction. Suplementary Table 3.shows the annotations of the 26 significantly DEGs at
5-dpi.

3.4.4 Gene ontology enrichment analysis

GO enrichment analyses were performed to identify putative pathways involved in the interactions
betweenE. grandisand A. psidii There vere no significantly overepresented terms upon GO
enrichment when analysing the DE dataset. This is expected due to the small number of significantly
DEGs. When analysing the total gene spa88pverrepresented GO BP terms were identified across

the R and Sinteraction over the time series (Figurg,Supplementary Table®. These terms were
predominantlyassociatedvith cellular processes, including terms such as translation, cellular protein
metabolic processndcellular biosynthetic process. These processes were shared among bath the R

and Sinteraction over time series.

Terms that were unique to ther@eradion included energy processes such as ATP synthesis, energy
coupled proton transport and mitochondrial ATP synthesis. Additionally, oxoacid metabolic gsocess
and organic acid metabolic processes were also unique toeither&ction. Terms unique to tlie
interaction included glyoxylate cycle and metabolic process, dicarboxylic acid biosynthesis and
cellular aldehyde metabolic process. Twettityee overrepresented MF terms were identified across

the R and Sinteractions. Terms unique to therferacton included malate dehydrogenase activity
and saccharopine dehydrogenase activity and terms involved in transcription were unique-to the R
interaction (Supplementary Figure 3.1). When investigating the CC categboyerrepresented

terms were identified Terms involving cellular processes were orggresented, including

transcription and translation (Supplementary Figure 3.2).
3.4.5 Austropuccinia psidiipathogenicity and virulence factors

The 890 confidently expressed myrtle rust genes were analysed using the PHI datal{tsbad &
al., 2020) Geneswith hits greater than 60% identity to the subject query and those implicated in
virulence and pathogenicity were retained for further analysis. FiméeRaction had 24 genes with

successful hits (Table B. while the Sinteraction had 32 genes with sassful hits to the subject

82



In plantagene expression &. psidii

qguery (Table 2). Hits unique to the-$hteraction included a gene involved in cAMP signalli@go,

APSI _P0O08.17130, APSI _HO002.12341) a n-ghosphateg e n e
synthase subunitP@dxS APSI_P009.175%). Additionally, while the R and Sinteraction shared
common hits, the $hteraction had expression of more orthologs of certain genes. These included
expression of an additional cyclophili€PAlL APSI_P005.10514), tubulin alpiachain TUBJ,
APSI_H01014180), conserved actin proteilPActA APSI_H003.4114), hypothetical protein
(MGG_00383, APSI_H021.3806) and a betaBulin housekeeping gene (APSI_H018.10108). Hits
shared between resistant and susceptible interactions included heat shock pkEEgs a
transcription factor identified irMlagnaporthe oryzaeand a gene encoding-iSopropylmalate
dehydratase (TableBand 32).

Analysis of the candidate effector proteins identifiedTiopias et al. (2021)evealed a total of 43
expressed genes in the present study (Supplementary Figure 3.3, Supplementary7).ablee 3.
highest expressed effectors in thealRd Sinteraction were 33ral 43, respectively. Theiteraction

had seven uniquely expressed candidate effectors over the course of infection -tipoai®five at

5-dpi (Supplementary Figure 3.3, Supplementary Tallg The expression of these genes was not
observed in th&-interaction. To investigate putative virulence and pathogenicity of these candidates,
the protein sequences were subjected to a BLASTp on the NCBkdandant database. Seventeen

of the 43 expressed genes had successful hits to proteins from oth@sraggpredominantlyrust

fungi. Many of these hits corresponded with hypothetical or uncharacterised proteins (Supplementary
Table 38). Interestingly, five hits corresponded with informative hits (TabB8. 3 small subunit
ribosomal protein S106APSI_H017.8250), a rust transferred proteirRTRL, APSI_P008.18155)

and a norcatalytic module family protein (APSI_H007.8820) was uniquely expressed in-the S
interaction. A small subunit ribosomal protein S10e (APSI_P005.11212) and a hydrolase if6 prote
(APSI_P004.3557) was expressed in both interactions. The expression of these genesandi& R

interaction across the time series is represented by Fidlre 3.
3.4.6 Clustering of expressed genes

To identify clusters of highly similar genes, based on expression profiles, hierarchical clustering was
performed using a Euclidean distance metric and complete linkage clustering method. This provides
information on the global changes in the transcriptom@.gbsidi in resistant and susceptiblie
grandisover the time serieShe cluster dendrogram revealed three distinct clusters (Supplementary
Figure 34). However,the number of genes in C1 and C2 was high, with 477 and 401 genes,
respectively(Supplementary Figre 35). Considering there were a total of 890 genes, clusters of this
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size will not be informative when performing downstream GO analyassheresult from these
analyses is not expectaadiffer from GO of the total gene space performed previolisigreforeto

resolve the lower groups into more distinct clusters to gain a deeper understanding of the genes
underlying those groups, the number of clusters chosen for the analyses Was tsnalise gene
expression trends over the time series, line plots of the groups were generated for betmth& R
interaction (Figure d.and Supplementary Figuresy. This revealed interesting trends within ttea.
Clusterstwo, three, four, fie, and nine have similar expression patterns during the early stages of
infection in both the Rand Sinteraction, but as the disease progresses, the expression of the genes
within these clusters dramatically increases in thet&action when compared the Rinteraction.

In contrast, the expression of genes within cluster eight increases significantly wintieealRtion at

5-dpi, while expression remains relatively stable at this time point in-theefction. Supplementary
Table 39 shows the idetity of the genes within each cluster, as well as their GO information.
Similarly, the expression heatmap across the time series in both dimel Binteraction revealed that
expression patterns &. psidiigenes in both interactions are very similaridgithe early stages of
infection at 12hpi. As the course of infection progresses, the patterns become more varied over time
between the Rand Sinteraction (Supplementary Figuresg.

GO and KEGGenrichment was performddr each cluster identified in the hierarchical clustering
analysegSupplementary Table 3.1®ignificant enrichment was identified in five clusters (C3 = 85;
C4=49;C5=1; C7 =2; C9 = 3). Enrichment in C3 included numerous terms associated wéh cell
processes such as cellular biosynthetic and metabolic processes, translation and mitechondrial
associated processes. Oxoacid metabolic process and tubulin complex were uniquely enriched in C3.
Enrichment in C4 includetdrms associated with proteirpgessing, including protein folding, protein
metabolic process, and protein import into nucleus. Interestingly, response to heat was uniquely
enriched in C4. Cluster 5 showed enrichment-dopropylmalate dehydrogenase activity. C7 and C9
were enriched n endoplasmic reticulum insertion complex and ribosaessociated terms,

respectively.
3.4.7 Comparisons of Austropuccinia psidiitranscriptome and proteome

To gain a deeper understanding of the key mechanisms governing the interaction Betps&dn
and itshosts, we compared the proteome results obtainggduagine et al. (2I6) to the RNAseq
results obtained in the present studie identified 200 active and 140 obsolete entfoas 59%)for
the proteins identified byQuecine et al. (2016Wwhen retrieving protein sequences from

UniProKB/Swiss This may be due to improvements in the genoaf¢he organisms, making some
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entries obsolete or redunda@GiRB BLAST results reveale8B7 predictedd. psidiihits that are most

likely representatives of the proteins identified in the proteomdygSupplementary Table 3.11)

From this, 82 genes were expresseantranscriptome studfTable 34, Supplementary Table 3.12)

These included a plethora of HStPst were either unique to susceptible gu@iaguajava or in

greater abundance in guava relativ&tgrandis There was greater expression of these HSPs in the
R-interaction at 4dpi, with expression in the-fteraction greater at-8pi. Other genesdentified

included those encoding for calnexin, enolase, pyruvate kinase, spermidine synthase and tubulin beta
chain proteinsMany hypothetical proteins were identifiedthin our dataset, with these uniquely

abundant in guava &. grandis(Table 34).

3.5 Discussion

Due to the obligate biotrophic nature of rust fungi, there have been limited studies on molecular
genetics underlying th@athogenmolecular dialoguewith the host plant With improving next
generation sequencingymics studies have facilitated the study of these complex organisms,
highlighting candidate pathogenicity genes that can be studied using heterologous Bakéaren

and Szabo, 2020Yhis has broadened our understanding of rust disease and aided in development of
efficient control strategies. The presesttidy investigated the molecular response# .opsidii in
resistant and susceptiliie grandisoverfour time pointsThis revealed expression in both host types
were similar, with various shared responses over time. Despite this, key differences lhetsteen
were observed, including unique expression of candidate effectors in susceptible hosts as well as
pathogenicity and virulence factors and pathways potentially contributing to disease. The results of
this study are similar to that @uecine et al. (2016)evealing tha#. psidiimight employ similar

mechanisms tolieit host disease in different plant species.

Over the course of infection, the number of reads mapping to the pathogen genome decreased in the
R-interaction. This suggests that over the course of infection,-theeRction successfully suppresses

the growth and development of the pathogen, thereby reducing the number of pathogen transcripts
observed in the analysihe number of transcripts mapping to the reference genome in-the S
interaction significantly increases over the course of infection, stiggethat the Snteraction does

not mount an effective defence response to prevent the proliferation of the pathogen. This is observed
in the interaction betweeA. psidiiandM. quinquenerviawhere the number of transcripts mapping

to the resistant hosts was 0% compared to 2% in the susceptible hosts, suggesting only susceptible
hosts facilitate the growth of the pathogen-apb(Hsieh et al., 2018)This is observed in the present

study, where the greatest number of expressed genes in the analysis were identifiethitethet®n
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at 5dpi (n = 888). The differences in mapping betwé&emrandisand M. quinquenerviamight be
indicative ofvaryinghost resistances against myrtle rust. These results are further suppdrtdiasy

et al. (2018)in which resistant hosts actively respondAtgsidii infection, while susceptiblbosts

lack a sufficient, coordinated response, potentially contributing to the number of transcripts observed.
This corroborates the results obtained in our previous studi€ grandisresponses té\. psidii

(Swanepoel et al., 2021)
3.5.1 Shared virulence and pathogenicity factors

Cell wall degrading enzymes (CWDE) are enzymes employed by pathogens to degrade preformed
barriers.In the present study, analysis of expressed candidate effectors reviealely @6 hydrolase
proteinexpressed in bbtthe R and Sinteraction across the time series. Furthermore, a pufativiéy

61 glycoside hydrolase proteimas DE at &dpi, with expression significantly greater in the R
compared to the-Biteraction Hydrolase proteins are known to contribute égmdation of plant cell

walls in other rust fungfCooper et al., 2016; Wu et al., 201&yeater expression of these genes in
the Rinteraction is unexpected. It is possible that the pathogeweisexpressinghese CWDE in
resistant host® compensate for the effective preformed barriers that are preventing pathogen entry
into the host plantdos Santos et al., 2019) susceptible hosts, entry into the plant cells occurs with
relative ease and more rapidly, meformedbarriers are not adequate to prevent pathogen entry.
Despite this, future studies will netmlinvestigate thisThese results suggest thatpsidiisecretes a
concoction of potent CWDE to facilitate the breakdown of the cell walls to allow successful host
penetration.

Among the genefoundin the interaction were numerotsSPs.HSPs are knowito be involved in
chaperoning the folding of proteins, but they also function to protect the cell from stress, including
heat stress, fluctuations in pH and oxidative stf€sgari et al., 2015; Pandey et al., 201Byo HSPs
90(APSI_P013.275 APSI_H009.1161pwere identified as potential virulence factors in both the R
and Sinteraction when comparedto PHFbase HSP9O is involved in complex protein folding
processes and is vital to the functioning of the organiBiathan et al., 1997)In Fusarium
graminearumHSP90 is required for pathogen virulence, with knockout mutants unable to spread from
the initial infection sitgBui et al., 2016)This protein is highlighted as an antifungal target tb the
function of HSP9O0 in crucial cellular processes including completein folding and the roles it plays

in cellular morphologyTiwari et al., 2015)

Previous studies on rust fungi virulence and pathogenicity factors have identified a plethora of HSPs
enriched in susceptible hosts, suggesting that these proteins play cruciah rialeiitating plant
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diseas€Cooper et al., 2016; Quecine et al., 20@@)ecine et al. (201&Jentified various HSPs during

the interactions withA. psidii and resistant and susceptible hostere HSPs were identified in
susceptible guavéP. guajava than in resistanE. grandis with the authors suggestigy psidiiis

under more stressful conditions in susceptible hést&xample oxidative stress due to production of

ROS as a defence resyse This is further suggested I8ong et al. (2011where a plethora of HSPs

were isolated from the haustoriaRdicciria triticina, a wheat leaf rudungus. The presence of these

HSPs in the haustoria indicate the pathogen is under stress due to host defences, and these proteir
could serve to protect the pathogen from host degrad@mmy et al., 2011 he expression of HSPs

in this study suggess significant roleof these proteins in the interaction betweerpsidiiandE.

grandis Furthermore, response to heat stress was enriched in cluster 4, and this cluster showed similar
expression duringnitial stagesof infection and dramatic increase of expression-dpi5 These
proteins had greater expression in then®raction atLl2-hpi and 1-dpi (Table 34, Supplementary

Table 3.12), suggesting that the pathogen is under stress during the early interaction with resistant
hosts a possible response to host defenSawsilar responses are only observed in thet&raction at

2- and 5dpi. Further studies are requireddeterminehow these proteins facilitate disease and why
expression is similar between resistant and susce#ibtrandis despite contradicting evidence

suggested by previous studies.

In the present study, weundone and two cyclophilin genes in thedd Sinteraction, respectively,
when investigating virulence and pathogenicity factors in PHI base (Tdde®.32, respectively).
Mutant phenotypes of these genes resulted in sztlu@dulence inOryctolagus cuniculugrabbit;
PHI:213) andvius musculughouse mouse; PHI:213). Cyclophilins are a group of highly conserved
proteins present in eukaryotes and prokary@#ssmdschumacher et al., 198Zhese proteins play a
diverse role in many cellulaprocesses, but we know little about their roles in phytopathogenic
pathogenicity. InM. oryzae,a biotrophic blast pathogen of rice, cyclophilins are known to affect
appressoria turgor and lipid biosynthesis, acting as a virulence (&atgh et al.2018) In Botrytis
cinerea,a grey mould necrotrophic pathogen, a cyclophilin was identified and implicated in virulence
due to the reduction in disease symptoms in mutant s{diasd et al., 2003)Cyclophilin proteins
were isolatedrom the haustoria dP. triticina during the interactions with whegong et al., 2011)

suggesting a virulence role of these pirgen rust pathogens.

Amino acid biosynthesis and metabolism pathways were significantly enriched in bothathe &
interactions. These were also enriched in clusters 3, 4 édpplementary Table 3.1Enzyme3-
isopropylmalate dehydratase was ehedin cluster 5 and identifieds a putative pathogenicity factor

when compared to the PH#Bhse in both interactions (Tablel3and 32). Moreover,one of these
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proteinswere identified in the urediniospores of guédvaguajavajandE. grandiswhere abundance
was greater is susceptible guga guajavalhan in resistank. grandis(log ratio = 0.81, Table 3,
Supplementary Table 3.12)his enzyme is involved in the biosynthesis of leucineMlnoryzae,
mutants deficient iontherenzymes inheleucine biosynthesigathwayshowed reduced pathogenicity,
suggesting that the production of leucine is crucial in the ability to cause digaaset al., 2020)
Furthermore, this enzyme was identified in the proteom&. gfsidiiin infected guavdgP. guajava

and E. grandis,where abundance was greater in susceptible g(@Quacine et al., 2IB). This
implicates this enzyme in the disease process p$idiiand tags it as an important pathway for disease

control strategies.

In addition to leucine biosynthesis, lysine biosynthasid metabolismvas identified throughouhis

study, highlighting it as an importaptocess in the functioning &. psidii (Figure 32, Table 31,

Table 32, Supplementary Table 3.1Qys2Q encodinga homocitrate synthase enzyme, was identified

as a virulence factor in both the Bnd Sinteracton (Table 3L and Table 2, respectively). This
protein was identified iMM. oryzae where it was found to contribute to fungal conidiatibpphal
growth, infection, and pathogenicityfZhang et al., 2014)This protein interacts with rotein
signalling proteins to regulate the production of lysfdbang et al., 2014)Moreover, Lys20is
involved in the first step of the lysine biosynthesis path{kay et al., 2010) The last step in the
biosynthesis of lysine is the enzyme saccharopine dehydrogém&ygptococcs neoformanshis
enzyme was found to contribute to fungal virulence when mutants were unable to sunvive
(Kingsbury et al., 2004)This enzyme was enrichaad the Rinteraction at 4dpi and in Sinteraction

at 1 and 2dpi (Supplementary Figure 13. The activity of this enzyme only atdpi in the R
interaction suggests that psidiiis unable to complete the lysine amino acid biosynthesis process
during late stages of infection. This may contribute to the inability of the pathogen to infect resistant
hosts. The involvement of various steps in the biosynthesis of lysine highlights this pathway for novel

disease control strategies.

Interestingly, APSI_H0163346 is expressed in both thedhd Sinteractions at each time point and

is highly expressed in both interactions, with expression within the top ten most highly expressed
genes. This gene is also significantly DE &t between the interactions, wiglxpression greater in

the Rinteraction than in the -Biteraction over the time series (Wpld change) =-1.56).
Additionally, based on the effector criteria definedTmpias et al. (2021)APSI_H016.15346 was
identified as a candidate effector protein. However, this gene is not characterised and did not align
with any known pathogenicity or virulence factor when subjected to a BLASTp in the PHI database.

Moreover, there were no successiitis when subjected to a protein BLAST on the NCBI-non
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redundant database. DE atlpi, with expression greater in theifReraction, suggests this gene is
imperative to the infection process. Lower expression intinéeBaction may be a result of thesdase
severity of the susceptible hosts. It is possible that expression is@mwpensated in the-Rteraction

to elicit disease and similar responses are not observed iarter&:tion due to the disease symptoms
observed at this time point due tonfial success. Functional studies are required to elucidate the role
this gene plays during the interactions of myrtle rust Bndjyrandisto make inferences on its

pathogenicity and virulence.
3.5.2 Virulence and pathogenicity factors uniquely expressed in susceptible hosts

Gib2was uniquely expressed in susceptible hosts. This protein regulates cyclic AMP (cAMP) through
the interactions with two proteins, Rasl atgnylyl cyclaseac), in Cryptococcus neoformans

with Gib2 mutants having reducedrulence (Wanget al., 2014) Moreover, overexpressingib2
promoted cAMP levels in infected ce(l¢/ang et al., 2014)n phytopathogensAMP signalling is
involved in surface recognition, appressorium formation, conidiation, infectious growth and
pathogenicity oM. oryzagZhang et al., 2011The absence of expression@b2in the Rinteraction

may suggest that regulation of cCAMP signalling is suppressgeite expression in the-Biteraction

may highlight this gene as a putative virulence factor involwethe interactionThe inability to

successfully regulate this key process may contribute to reduced fungal success in hesistant

PdxSwas found to contribute to viability, stress tolerance and virulence of thergrgative bacterial
pathogenActinobacillus pleuopneumoniaghich causes pleuropneumonia respiratory dis@€éise

etal, 2017)PdxSc at al yses t he pr ebospbdtei (RLR), adbiochgmically attvex a |
form of vitamin B6(Eliot and Kirsch, 2004)PdxSmutants exhibited abnormal morphology, with
craters on their surfaces, suggesting that adequate production of FdR3ig required for normal

cell morphology(Xie et al., 2017) Mutants of PdxShad significantly reduced virulence é.
pleuropneumoniagn mouse model&Xie et al., 2017)PLP is a cofactor for phosphorylation, playing

a key role in many physiological processes, including amino acid biosynthesis and metabolism. The
absence of expression BxSin the Rinteraction may lead to reduced PLP biosynthesis in resistant
hosts, ptentially contributing to the reduced virulencefofpsidii In a study conducted byong et

al. (2011)onP. triticina, a Pdx1 protein was isolated from the haustoria during interactions with wheat.
Moreover, a pyridoxine biosynthesis protein was more abundant in suscepibig(P. guajava)

than resistanEucalyptuswhen investigating the proteome Af psidiiinfected hostgQuecine et al.,

2016) suggesting that this pathway is involved in host susceptibility in some way.
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3.5.3 Rust transferred protein 1 may manipulate the reactive oxygen species production

Five expressed. psidiicandidate effector genes had successful annotationssubgatted to BLAST
analysis (Table 3). A rust transferred protein (RTP1) was identified in that8&raction at &pi, with
expression of this gene not detected in thiatBraction. This protein, initially identified idromyces
fabae,was found to lod&se in the extrehaustoriamatrix during early stages of infection as well as
inside the host cell cytoplasm as disease progresses and the haustoria matures. This suggests RTP]
plays a crucial role in maintaining the biotrophic lifestyle with host plg¢egmen et al., 2005; Kemen

et al., 2013)It was found that as the haustoria matures over the course of infection, high concentrations
of RTP1p can be found within the host cytoplagtemen et al., 2013)As a result, cyclosis of host
nucleus and chloroplasis inhibited, with the authors suggesting this cessation is the result of
accumulation of RTP1(Kemen et al., 2013)

The chloroplast plays an important role in the defence response by producin(giR@8hmer et al.,

2020) By inhibiting the movement of chloroplaahd causingaccumulation at the extt@austora

matrix, it reduces the photosynthetic capabilities of the chlorofdashen et al., 2013)n turn, this
reduces the production of ROS which may affect the ability of the host to undergo programmed cell
death to limit the spread of the pathogen from the initial site of infedtrs, acumulation of RTP1

may result in reduced downstream production of RCO@sistent with previous studies, this protein
was expressed during late stages of infection in susceptigl@ndisin response to infectiofikemen

et al., 2005; Puthoff et al., 2008; Fernandez et al., 2002 suggests RTP1p is required for
pathogenicity ofA. psidit

3.5.4 Oxalic acid may manipulate host oxidative and phytohormone pathways

Malate dehydrogenase is an enzyme that catalyses the reaction of malate to oxaloacetate, a precursc
molecule for oxalic acid production. Thecumulatiorof oxalic acid producean acidic environment

within the host plant to facilitate crucial fungal mechanisms of infection, which includes the secretion
of virulence factorgLovat et al., 2019)Oxalic acid is known to reduce plant oxidative burst responses

to facilitateSclerotinia sclerotiorungisease in host plan(€essna et al., 2000Yloreover,oxidative

burst responses are reduced in acidic environn{eatgent et al., 1993)n the interaction between
Castaneaspp. and the chestnut blight pathod@ryphonectria parasiticapxalate (oxalic acid) is
produced by the pathogen as a virulence factor to promote plant disease. This is through oxalate
reducing the host cellular pH ppomote the functioning of crucial fungal enzynflesvat et al., 2019)

Researchers have exploited this fungal virulence factor by generating transgenic CGesdirua(a)
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with an oxalate oxidase gene that functions to convert oxalic acid to hydrogen peroxide and carbon
dioxide (Zhang et al., 2013)This has shown to provide tolerance @ dendatato C. parasitica
infection and provides a promising control strategy in the interaction between myrtle rust and
grandis

In our previous study, we found the extensive involvement of phytohormones in the host responses to
A. psidii(Swanepoel et al., 20210 his includedsalicylic acid 8A), jasmonic acidJA), ethylengET)

and abscisic aciABA) enriched in both the Rand Sinteractions, as well as brassinosterdiBR)
enriched only in the fnteraction In a study that investigated the oxalic agiddiated stresm
Brassica napus., it was foundhat applications of this acid affected the phytohornsigealling and
oxidative responsed.i@ng et al. 2009). Proteins associateéth phytohormone pathways including

JA andET were increased following applications of oxalic acid. Despite the evideigrgesting that

SA s not directly affected in the presence of oxalic acid, it was found that pathways mediated by the
phytohormone were decreadgdhng et al., 2009)This suggests that oxalic acid migléayarolein
manipulating phytohormone pathways, thereby affectingtbsstalkthat exists between them. This

may account for the significant involvement of atypical phytohormones sudhA asdET in the
interactionbetweenE. grandisand A. psidii. These results may also contribute to the redigRed
signalling noted within the -Biteraction, as an alterectosstalkmay reduce the phytohormone

signalling in the interaction.

In the present study, malate dehydrogenase was enriched in-itheraBtion at 2 and 5dpi
(SupplementaryFigure 31). Two malate dehydrogenase genes were identified when comparing
transcriptome and proteome défauecine et al., 2016as seen in Table&.with abundance of these
proteins greater in susceptible gua@xoacid metabolic processes were enricingdoth the R and
S-interaction & 1- and 5dpi, respectively (Figure 3), with oxalic acid forming part of oxoacids
Oxoacids were enriched in cluster 3, where expression of these genes was significantly greater at 5
dpi in the Sinteraction.Malate méabolic processes were enriched in th@t8raction at 2and 5dpi

(Figure 32). The enrichment of these terms suggests a putative role for this pathway in the virulence
of A. psidii.In our previous study we found significant involvement of the oxidatiwst response in
defence againgt. psidii,in both the Rand Sinteraction(Swanepoel et al., 202I)he planitypeHR

was prominent in resistant hosts abBd 5dpi while susceptible hosts only responded with HR-at 5

dpi. This suggests that despite both hosts regulating and mounting respiratory burst responses, the
susceptle hostdacked the ability to convert these into HR. This may be due to the involvement of
pathogen secreted virulence factors, such as malate dehydrogenase and oxalsaeighlights a

candidate pathway for control of myrtle rust infection.
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3.6 Conclusions

While comparisons between the proteof@eecine et al., 201&nd the transcriptome &. psidii

provides valuable insigh into the molecular mechanisms governing the interactioAs pgidiiwith

its hosts, it is important to remember that timing of collection of materials for analysis plays a role in
the outcome of the results obtained. Furthermore, the study conductdek @roteome isolated
urediniospores d?P. guajavaandE. grandis while the present study isolated fungal RNA from whole

leaf samples. Different infection structures and stagesaffaent the results obtained. Additionally,
Quecine et al. (201&pnsidered the differences that exist between different species, wipleteat

study aimed to determine the differences that exist withigrandisprovenances. Therefore, the
results obtained in the comparisons need to be further validated to confirm the proteins and genes

foundcontribute to disease susceptibility.

The interaction between resistant and suscepthlgrandisandA. psidiishare similarities, with the

timing of infection crucial to the disease progression, highlighted by unique pathogen genes expressed
solely in the Sinteraction at &pi. Several pathwaywere highlighted in this study, putatively
contributing to themolecular dialoguewith E. grandis.This is the first study to investigate the
expression ofA. psidiigenesin plantaover a time series. Through this, several candidatesidii

genes haveden highlighted for future functional studies that investigate their roles in the interaction
with E. grands. Futurestudies will need to validatihe results obtained in the present study. This
includes measuring ROS levels in the &d Sinteraction to determine if increased infection
contributes to decrease in ROS. In conclusidns reveals geneand pathwayshat may be
manipulated to contrdhe devastating effects this pathogen has on native and introduced Myrtaceae

species.
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3.8 Tables and figures

Table 3.1. ExpressedAustropuccinia psidiiPHI-annotated genes in the-iReraction with percentage identity greater than 60% and implications in

pathogenicity and virulence.

Query identity Name PHI base gene description Identity (%) Mutant phenotype PHI base accession
APSI_P002.15004 Gsk3 glycogen synthase kinase 70 0;1 PHI:1200; PHI:4587
APSI_P020.4950 ADE13 Bifunctional enzyme adenylosuccinate (ADS) lyas 77 0 PHI;7186
APSI_P017.12437 ActA Conserved actin protein 90 0 PHI:10434
APSI_P018.7518 Beta2tubulin Beta2tubulin housekeeping gene 85 0 PHI:10566
APSI_P001.6093 Calcium permease Ca2+ exchanger 61 1 PHI:2105
APSI_H012.10735 CLA4 Serine/threonine kinase 80 1 PHI:528
APSI_H008.9528 CPAl Cyclophillin 68 0 PHI:213
APSI_P013.4275 HSP90 Ubiquitous chaperone, heat shock protein 90 70 0 PHI:6272
APSI_H009.11612 HSP90 Ubiquitous chaperone, heat shock protein 90 64 0 PHI:6272
APSI_P003.2172 Leul 3-Isopropylmalate dehydratase 62 1 PHI:9357
APSI_P011.231 ILV2 Acetolactate synthase 65 1 PHI:358
APSI|_P001.6880 MGG_00383 Hypothetical protein 74 0 PHI:877
APS| HO10.13828 GSK1 Glycogen synthase kinase, cer_1tra| signal r_egulat 69 1 PHI7117
- involved in the streseesponsive mechanism
APSI_P014.1429 Hox7 transcription factor 62 PHI:2131
APSI_P002.14583 LYS20 regulators of Gprotein (GTPbinding protein) 68 0 PHI:3234
- signalling(RGS) proteins/homocitrate synthase
APSI_H010.13601 LYS20 regulators of Gprotein (GTRbinding protein) 64 0 PHI:3234
- signalling(RGS) proteins/homocitrate synthase
APSI|_P001.5642 Ssbhl Heat shock protein 68 1 PHI:8179
APSI_P001.5636 Ssbl Heat shock protein 68 1 PHI:8179
APSI_P015.13172 Pyruvate kinase Pyruvate kinase 61 0;1 PHI:8611
APSI_P001.5837 ScOrtholog PSR2 Uncharacterised protein 70 0 PHI:5705
APSI_P002.15358 TUB1 Tubulin alphal chain 74 1;2 PHI:2530
APSI_H010.13652 TUB1 Tubulin alphal chain 78 1;2 PHI:2530
APSI_P015.13025 TufM Mitochondrial elongation factor Tu 63 0 PHI:9772
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Table 3.1 (continued)

APSI_P003.1647 um01947 Cytochrome C peroxidase precursor 63 0 PHI:854

0 = reduced virulence; 1 = loss of pathogenicity; 2 = lethal
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Table 3.2. Expressed\ustropuccinia psidiPHI-annotated genes in thar8eractionwith percentage identity greater than 60% and implications in pathogenicity
and virulence

Query identity Gene name PHI base gene description Identity (%) prl::z:)at‘;;t)e PHI base accession
APSI_P002.15004 Gsk3 glycogen synthase kinase 70 0;1 PHI:1200; PHI:4587
APSI_P020.4950 ADE13 Bifunctional enzyme adenylosuccinate (ADS) lye 77 0 PHI;7186
APSI|_H003.4114 ActA Conserved actin protein 81 0 PHI:10434
APSI_P017.12437 ActA Conserved actin protein 90 0 PHI:10434
APSI_H018.10108 Beta2tubulin Beta2tubulin housekeeping gene 85 0 PHI:10566
APSI_P018.7518 Beta2tubulin Beta2tubulin housekeeping gene 85 0 PHI:10566
APSI_P001.6093 Calcium permease Calcium permease 61 0 PHI:2105
APSI_H012.10735 CLA4 Serine/threonine kinase 80 1 PHI:528
APS|_P005.10514 CPA1 Cyclophillin 68 0 PHI:213
APSI_H008.9528 CPAl1 Cyclophillin 68 0 PHI:213
APSI_P013.4275 HSP90 Ubiquitous chaperone, heat shock protein 90 70 0 PHI.6272
APSI_H009.11612 HSP90 Ubiquitous chaperone, heat shock protein 90 64 0 PHI.6272
APSI_P003.2172 Leul 3-Isopropylmalate dehydratase 62 1 PHI.9357
APSI_P008.17130 Gib2 Scaffolding Protein Promoting cAMSignalling 80 0 PHI:4182
APSI_H002.12341 Gib2 Scaffolding Protein Promoting cAMBignalling 80 0 PHI:4182

APS|_P011.231 ILV2 Acetolactate synthase 65 1 PHI:358
APSI_H021.3806 MGG_00383 Hypothetical protein 70 0 PHI:877
APSI_P001.6880 MGG_00383 Hypothetical protein 74 0 PHI:877
APSI_H010.13828 GSK1 Glycogen synthase kinase, central signal regula 69 1 PHI:7117

involved in the streseesponsive mechanism
APSI_P014.1429 Hox7 transcription factor 62 1 PHI:2131
APSI_P002.14583 LYS20 regulators of Gorotein (GTRbinding protein) 68 0 PHI:3234
signalling(RGS) proteins/homocitrate synthase
APSI_H010.13601 LYS20 regulators of Grotein (GTRbinding protein) 64 0 PHI:3234
signalling(RGS) proteins/homocitrate synthase
APSI|_P001.5642 Ssbhl Heat shock protein 68 1 PHI:8179
APSI_P001.5636 Ssbl Heat shock protein 68 1 PHI:8179
APSI_P009.17505 pdxS pyr i dehkosphateSyhthase subunit PdxS 67 0 PHI:7075
APSI_P015.13172 Pyruvate kinase Pyruvate kinase 61 0;1 PHI:8611
APSI_P001.5837 ScOrtholog PSR2 Uncharacterised protein 70 0 PHI:5705
APSI_H010.14180 TUB1 Tubulin alphal chain 76 1;2 PHI:2530
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Table 3.2 (continued)

APSI_P002.15358 TUuB1

APSI_H010.13652 TUuB1
APSI_P015.13025 TufM
APSI_P003.1647 um01947

Tubulin alphal chain

Tubulin alphal chain
Mitochondrial elongation factor Tu
Cytochrome C peroxidase precursor

74
78
63
63

; PHI:2530
0 PHI:9772
0 PHI:854

1;2 PHI:2530
1;2

0 = reduced virulence; 1 = loss of pathogenicity; 2 = lethal

100



In plantagene expression &. psidii

Table 3.3. Informative protein BLAST results for the expressed candidatropuccinia psidieffectors in
resistant and susceptitiiicalyptus grandigentified on the nomedundant NCBI database.

C;?géfoa:e Accession Id(e(;:)'ty COE’;;? ge Species Description E-value?
Smallsubunit
APSI_H017.8250 KNzZ48236.1 82.2 82 Puccinia sorghi ribosomal protein  5.49E83
S10e
Smallsubunit
APSI_P005.11212 KNZzZ48236.1 81.5 82 Puccinia sorghi ribosomal protein  3.55E82
S10e
APS|_P004.3557 KAA1090934.1  75.9 759 ~ Pucciniagraminis  Hydrolase 76 . /e 40
f. sp.triticina protein
APSI_P009.1815¢  AFI13823.1 43.8 100  Gymnosporangium - Rusttransferred ;400
- sabinae protein 1
Melampsora Non-catalytic
APSI_H007.8820 XP_007403659.1 38.7 78 larici-populina module family 1.23E38
98AG31 EXPN
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Table 3.4. Expressediustropuccinia psidigenes from comparisons to proteomic data obtained by Quecine et
al. (2016).

Log fold change (SI/RI)?
Log ratio

Gene ID Description (ApG/ADE)® g _g. _g. '_g.
N — o~ Te}

APSI_H002.12538 - -0.84 0.00 0.24 0.61 0.87
APSI_P002.14830 - 0.22 0.00 0.00 0.00 1.65
APSI_P015.13025 - ApGuava 0.00 | -3.09 0.19 0.70
APSI_P004.3474 3-isopropylmalate dehydrogenase 0.81 049 -0.71 -1.59 1.54
APSI_H009.11558 ATP synthase subunit alpha, mitochondri 0.24 0.00 1.17 3.57 2.39
APSI_H005.1677 2-isopropylmalate synthase 0.21 -3.42 -0.60 0.00 0.70
APSI_P002.15726 2-methylcitrate dehydratase 0.3 280 -0.76 -041 0.85
APSI_P007.14326 3-isopropylmalate dehydrogenase 0.81 -3.33 0.19 0.32 -0.72
APSI_H004.3682 40S ribosomal protein S7 -0.38 0.00 0.00 3.11 2.80
APSI_H001.6084 Acetyl-CoA carboxylase ApEucalyptus 1.56 1.18 -0.32 -0.75
APSI_H003.4114 Actin 0.09 1.73 0.00 0.00 1.15
APSI_P017.12437 Actin 0.09 0.00 @ -2.32 143 2.06
APSI_H007.8988 Adenosylhomocysteinase -0.01 -284 0.00 -0.32 0.98
APSI_H014.2045 Arabinitol dehydrogenase 1 0.18 0.00 0.00 0.20 1.22
APSI_H015.423 Arginyl-tRNA synthetase 0.11 0.00 0.59 0.00 0.44
APSI_H004.3499 Aspartate aminotransferase, mitochondri 0.31 0.00 2.45 2.38 1.00
APS|_P004.2874  Aspartate aminotransferase, mitochondrii 0.31 - 406 0.09 246

APSI_P011.364  ATP synthase subunit beta, mitochondrie 0.14 094 -1.98 0.08 2.33
APSI_H014.2180 Calnexin -0.4 0.37 -2.34 0.00 0.86
APSI_P005.10461 Calnexin -0.4 -0.76 -1.37 -049 @ 234
APSI_P005.10288 Chlorophyllsynthesis pathway protein 0.18 0.37 -1.44 0.00 0.74
APSI_P016.16045 Elongation factor 2 0 -155 -1.17 3.01 2.74
APSI_P016.16081 Elongation factor 2 0 0.00  -1.71 1.45 2.69
APSI_H008.9525 Enolase 0.21 0.00 2.44 0.00 0.72
APSI_P005.10519 Enolase 0.21 0.00 @ -232 1.20 1.47
APSI_P010.11580  Ukavetietransiation inifiation factor 3 0.13 164 041 006 -0.35
APSI_H014.2368 Fatty acid synthase subunit beta ApEucalyptus 0.00 0.00 0.00 0.00
APSI_P005.10846 Fatty acid synthase subunit beta ApEucalyptus -0.59 -1.69 -0.82 0.36
APSI_H003.4176 Glucoseregulated protein 0.08 0.00 1.86 0.00 0.42
APSI_P017.12534 Glucoseregulated protein 0.08 0.00 0.18 1.44 0.57
APSI_P008.16892 Glutamate dehydrogenase 0.14 0.00 -1.46 @ 3.52 0.59
APSI_P010.11420 Heatshock70kdaprotein 4 0.49 0.00 | -3.15 2.06 2.69
APSI_P010.11427 Heatshock70kdaprotein 4 0.49 0.56 @ -2.92 1.67 3.11
APSI_P013.4275 Heat shock protein 83 0.1 -1.53 -1.10 1.40 1.15

APSI_H022.14 Heatshock protein HSS1 0.08 =443 -0.32 | 4.02 2.33
APSI_P009.17506 Heatshock protein HSS1 0.08 -0.15 -0.54 1.38 2.63
APSI|_P001.5636 Heatshockprotein SSB 0.17 -3.65 | 0.01 1.50 3.38
APSI_P001.5642 Heatshock protein SSB 0.17 -1.73 -0.02 1.18 3.37
APSI_H009.11612 Heatshock protein 90 0.1 -1.37 0.23 2.27 1.73
APSI_H001.6204 Hsp70like protein 0.3 0.00 3.92 1.51 2.42
APSI_P002.14610 Hsp70like protein 0.3 0.00 0.34 232 -0.08
APSI_P008.17020 Hypothetical protein ApEucalyptus 1.16 -2.20 -0.03 0.54
APSI_H016.15678 Hypothetical protein ApGuava 0.00 0.00 1.54 0.66
APSI_H001.6960 Hypothetical protein 0.43 0.00 1.86 2.17 0.10
APSI_P014.1140 Hypothetical protein 0.35 1.87 2.30 1.69 1.76
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Table 3.4 (continued)

APSI|_H003.4994 Hypothetical protein -0.09 0.00 0.00 1.43 1.98
APSI_P014.1093 Hypothetical protein -0.09 0.00 1.24 0.97 2.08
APSI_P001.5930 Hypothetical protein ApEucalyptus. 2.73 3.47 1.44 0.18
APSI_H018.10185 Hypothetical protein ApGuava 1.96 0.00 -1.14 0.01
APSI_H016.15562 Hypothetical protein 0.36 0.00 -0.24 0.00 2.01
APS|_P010.11387 Hypothetical protein -0.17 -0.38 0.88 -1.28 -0.94
APSI_H006.15165 Hypothetical protein -0.05 -3.58 1.01 2.07 0.83
APSI|_P009.17824 Hypothetical protein ApGuava 0.00 -1.98 2.17 1.28
APSI_P006.9484 Hypothetical protein ApGuava 0.00 0.00 0.92 1.06
APSI_P003.1597 Hypothetical protein ApGuava 0.00 0.04 -1.04 0.56
APSI_P011.239 Hypothetical protein -0.21 228 -1.36 #4681 -0.79
APSI_P011.268 Hypothetical protein 0.53 3.14 -3.06 1.95 0.62
APS|_P019.8310 Hypothetical protein 0.43 0.00 0.00 1.54 0.10
APSI_P011.233 Hypothetical protein ApGuava 0.00 0.05 2.88 1.73
APSI_P016.16382 Hypothetical protein 0.16 -0.51 -092 0.52 2.77
APSI_H017.8116 Hypothetical protein 0.03 0.00 -0.60 0.00 0.50
APSI_H017.8250 Hypothetical protein ApGuava 0.00 0.00 0.00 1.22
APS|_P012.9011 Kinesin family member C1 0.06 1.45 1.05 1.40 2.81
APSI_H001.6292 Malate dehydrogenase, NA@ependent 0.56 0.00 -1.26 2.08 1.75
APSI_P003.1614 Malate dehydrogenase, NA@ependent 0.56 0.00 140 -0.49 1.72
APSI_H013.5798 Minichromosome maintenance protein 4  ApGuava 117 -135 158 -0.08
APSI_P010.11499 Minichromosome maintenance protein 6 0 -2.30  2.95 1.20 -0.37

APSI_P001.6720 Polyubiquitin-A ApEucalyptus -0.31 -0.22 -0.64 0.37
APSI_P017.12651 Polyubiquitin-A ApEucalyptus 0.00 -1.44 0.00 1.41
APSI_H009.11705 Protein transporter SEC23 0.06 000 124 1.44 0.30

APSI_P013.4176 Protein transporter SEC23 0.06 000 = 249 091 0.0

Putative histone H9
Pyruvate kinase
RuvB-like helicase 1
Secretory pathway GDP dissociation

APSI_H016.15523
APSI_P015.13172
APSI_P005.10979

ApEucalyptus 0.00 | -8.77 1.43 0.39
ApGuava -0.59 0.00 0.00 -0.29
ApGuava  0.37 58257 145 1.05

APSI_P016.16384 inhibitor 1 0.68 0.00 0.29 0.00 0.39
APSI_P018.7791 Spermidine synthase ApGuava 0.00 1.07 0.31 0.29
APSI_P007.14016 T-complex protein 1 subunit alpha -0.12 0.00  -162 0.00 -0.04
APSI_H006.15105 Translation initiation factor eH3 -0.11 0.00 0.00 0.00 0.28
APSI|_H018.10108 Tubulin beta chain 0.34 0.00 0.00 0.00 0.72
APS|_P018.7518 Tubulin betachain 0.34 0.00 -1.09 0.00 0.38

APSI_P002.15126 Uncharacterized protein ApGuava 0.00 1.21 2.57 0.65
APSI_P007.13634 Vacuolar protein 8 ApGuava -1.52 -054 -0.72 2.30
2og ratio ofApGuava relative t&pEucalyptus (Quecingt al., 2016)?Log fold change of susceptible relative to resistant

E. grandis
ApG =Austropuccinia psidiguava;ApE =Austropuccinigosidii E. grandis;S| = Sinteraction; Rl = Rinteraction.
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Figure 3.1. Number of total expressed Austropuccinia psidiigenes over the time series. Black bars represent
genes expressed in the resistant interaction while white bars represent genes expressed in the susceptibli

interaction. A total of 890 expressed genes were identified throughdeyAanalysis
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Figure 3.2. Over-represented gene ontologies (GO) in the biological processes (BP) category of total

expressediustropuccinia psidigenes in both the-Rand Sinteraction over the time series, where the colour

scale represents the false discovery rate (FDR) adjustatle and grey represents absence of the. t&@n

analysis identified 188 oveepresented BP terms, the heatmap represents the top 70 terms in relation to the

lowest FDR value. R = resistant interaction; S = susceptible interaction; hpi = hours post inoculation; dpi = days

post inoculation.
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Figure 3.3. Heatmap showing the expression patterns of Austropuccinia psidiieffectors genes in both the

resistant and susceptitiigicalyptus grandisnteractions over the time series. Genes with known annotations

are labelled. The colour gradient represents the expression values of a measure of FPKM ranging from the
minimum to maximum expression values, where white represents genes that are noeexprRKM =
fragments per transcript million; hpi = hours post inoculation; dpi = days post inoculation; R = resistant
interaction; S = susceptible interaction.
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Figure 3.4. Line plots of each cluster across the time series in the resistant and susceptible samples. Each
black line represents an expressed gene, and the red line represents the median expression in each cluster. Tt
calculated Zscores were used to plot the graphs. C = cluster; N = number of genes; hpi = hours post inoculation;

dpi = days post inoculation; R = resistant interaction; S = susceptible interaction.
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4.1 Introduction

Eucalyptusspp. are fast growing woody trees that are commonly cultivated for paper, pulp and timber
and are valuable resources for bioenergy and biomaté@Baddtapaglia et al., 2012; Myburg et al.,

2014) Eucalyptusspp. are highly susceptible Austropuccinia psidiia biotrophic rust pathogen that
causes myrtle rust disease on numerous members ¢hddpeCarnegie and Pegg, 2018)ith E.
grandisresponses ranging from highly susceptible to resi¢iamighans et al., 2003. psidiicauses

yellow pustules on leaves and shoots and severe infection leads to stunted growth and plant death
(Fensham et al., 2020; Pegg et al., 204D pandemic biotype &. psidii has been identified in

various countes across the globe and poses severe threats to the natural and introduced ranges of
MyrtaceagWingfield et al., 2015; Fensham et al., 2020)

In E. grandis a major locus involved in resistance agaiAstpsidii has been identified, termed
Puccinia psidii resistance (Pprl), named as per the previous taxonomopsidii(Junghans et al.,
2003) This locuswas found to harbour numeroRsggeneg Thumma et al., 2013Pespite thistrees
harbouring this locus were found to hesseptible to infection, suggesting that the locus was failing
at providing resistanc@Graca et al., 20115ince the initial discovery of this locus, various studies
have emerged identifiyg additional loci conferring resistance against infec{@ves et al., 2012;
Butler et al., 2016; Butler et al., 2019)his highlights the complex nature of resistance ag&inst
psidii. Proteomic analysis oA. psidiispores in resistarfucalyptusand susceptiblguava revealed

that proteinsabundant in susceptible hosts included a plethora of fungal virulence factors such as
malate dehydrogenase, heat shock proteins and C{@Décine et al., 2016Myrtle rust produces a
concoction of potent enzymes that degrade the leay waticle ofE. grandis facilitating the entry of

the pathogen into the host plaMavier et al., 2015)Despite the significance of this pathogen, few
studies have investigatedetlinteraction betweeA. psidiiand its hosts, partly due to its biotrophic
nature. Thimphasizethe importance of investigating these responses to gain further understanding
of this complex pathosystem, with the aim to contribute to improved contrihliofdevastating

pathogen.

The improvement of nexdeneration technologies has vastly facilitated the investigations into the
interactions between biotrophic rust pathogens and their associate(Bad&eren and Szabo, 2020)

Dual RNArseq studies shed light on tire planta molecular dialogue that exists between host and
pathogen, with this providing valuable insight into the mechanisms governing the complex interaction.
These studies are aided by thacalyptus grandis2.0 andAustropuccinia psidireference genomes
(Myburg et al., 2014; Tobias et al., 202There have been various studies that investigate the host

109



Concluding remarks

responses to infection through the use of Higlbughput, robust RNAeq analysefHsieh et al.,

2018; Tobias et al., 2018; Santos et al., 2020; Hsieh et al., 2021; Sekiya et al.,T20@4ie, there

have been no studies investigatingttia@scriptionatesponses @. psidiiin its associated host plants,
although it is expected that numerous studies will emerge with the recent release of the reference
genomgTobias et al., 2021By investigating this pathosystem, we can identify nbnsit pathways

and mechanisms involved in disease resistance, facilitating the manipulation of these mechanisms in
molecular breeding to generate more tolerant plants. Additionally, by studying the transcriptomic
changes inA. psidi, novel targets for disse control can be identified such as virulence and

pathogenicity factors that will facilitate the mitigation of disease.
4.2 Summary of findings

The current study aimed to investigate the transcriptomic chandesgrandisand A. psidiiupon
interaction though a robust dual RN&eq approach. Seedlings©f grandiswere either inoculated
with the pandemic biotype ok. psidii or mockinoculated and monitored for their responses to
infection (Swanepoel et al., 2021Resistant and susceptidie grandiswere identified and leaf
samples were obtained at four different time pointshii2 1-, 2-, and 5dpi) for mRNA-sequencing
using lllumina HiSeq 2500. The RNgeq data was used to investa@dost responses in research

chapter two anth plantapathogen responses in research chapter three.

The transcriptomic changes Bf grandisin response té. psidiiinfection revealed that both resistant

and susceptible hosts shared similar responseslyses revealed that there was significant up
regulation of defenceelated terms in both hosts, with little dosagulation of defence terms. This
suggests that both hosts are able to mount a defence response against infection and the difference
obsered in the phenotypes is attributed to the efficiency in these responses. Responses appeared tc
begin earlier in the $hteraction at 1zhpi, with upregulation of terms such as hydrogen peroxide
metabolism and phytohormomelated terms. These responsesenabsent in the fteraction at 12

hpi. This may be due to insufficient preformed barriers of defence in-iter&ction that facilitated

the rapid penetration of pathogen structures into the host plant. A previous study has found that hyphae
were obseved in susceptiblE. grandisas early as X8pi, while similar structures were only observed

in resistant hosts at 4&i (Xavier et al., 2001)Responses begin rapidly increasing in thHatRraction

at 1- and 2dpi, with similar responses absent in thén®raction. These responses atsstained
throughout the time series, while absence in thet&action suggests thah aincoordinated and
dampened response results in disease. This highlights the importance of timing and coordination of

responses.
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Brassinosteroids have been implicated in disease resistance against various biotrophic pathogens

et al.,2018) In this study, BR signalling has been identified in resistant hostsl@it 2hile similar
responses are absent in then@raction(Swanepoel et al., 20217 his suggests that BR signalling is
involved in the defence responses against mytst. Various genes involved in BR signalling were
identified, including BAK1 genes. This protein is involved in BR signal transduction and has been
found to be involved in PTI responses against pathogenic organisms. The expression of this gene was
significantly more DE in the Rnteraction, suggesting its involvement in the interaction Witpsidit
Analysisof the genes underlying the resistance |8gr(-Ppr5) revealed two and four BR signalling

genes withinPpr3 and Ppr5, respectively. This suggesthat the BR signalling contributes to the

resistance mechanisms underlying these resistance loci.

Further analyses of the resistance loci revealed numBrgaeses within the loci, and studies on their
expression showed that various are DE in the poesefA. psidii DE in the Rinteraction was greater
between 1and 2dpi while similar expression of these genes was only obsetvédipi in the S
interaction, suggesting that DE earlier in the interaction contributes to successful prevention of disease.
Analysis between moekoculatedresistant and susceptible grandisrevealed differences in the
constitutive expression d®-genes underlying these loci, suggesting that basal expression of these
genes contributes to host responses before infectionAvigsidii (Swanepoel et al., 2021 his is

further supported b$antos et al. (2020here the authors found constitutive expression of R proteins
putatively contributing to host resistance.

Thein plantaresponses oA. psidiiin resistant and susceptilite grandisis explored in chapter three.

In this chapterwe found that despite thdrastically different disease symptoms in resistant and
susceptible hosts, the responses of the pathogen were SColieoborating the responses of the host,
where expression of genes began earlier in tiéeBaction(Swanepoel et al., 2021there were more
pathogen genes expressed in thmt8raction at 1pi. Resistante. grandisrapidly increased in
response at-tlpi, which correlates to the increase in pathogen gene expression at this time point.
Resistant defence responses seemee tufficient enough to dampen pathogen gene expression by
2-dpi, where there was a dramatic decrease in expression of genedpiAh3he Sinteraction, the

most amount of pathogen expressed genes foara, suggesting that proliferation éf psidiiwas
successful at this time point and correlates to the increased expression of host specific genes, which

may be an ovecompensation from susceptible hosts to combat pathogen infection.

We identified very few DEGSs, suggesting that expression of thesss gemesistant and susceptible

hosts was similar. Performing enrichment on total expressed genesjng@umerous pathways that
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were present in the-@teraction and absent in theiiRReraction.Malate dehydrogenase activity
enrichedn the Sinteraction at2- and5-dpi. Furthermorepxoacid metabolism wasnrichedn the S
interaction at &dpi. Malate dehydrogenase is an enzyme that converts precursor molecules to oxalic
acid, with oxalic acid forming part of oxoacid®xalic acid is known to reduce plaROS(Cessna et

al., 2000) to reduce plant defence responses and facilitate disease symptoms. This correlates with the
responses observadthe Sinteraction, where oxidative burst responses appeared to be inconsistently

regulated. The interruption of ROS in susceptible hosts may contribute to disease susceptibility.

Analyses of the candidate psidii effectors revealed that numerous efée genes are expressed in

the interactions in resistant and susceptthlgrandis This revealed the expression of a rust specific
gene in the Snteraction at &pi, a gene that is absent in thenReraction. This protein is involved in
inhibiting the movement of chloroplasts and the nucleus within the host cell, preventing vital
functioning of the host ce(Kemen et al., 2013kuggesting its requirement for pathogenicityAof
psidii. Additionally, a candidate efttor hydrolase 76 protein family gene was identified in both the
R- and Sinteraction, suggesting that CWDE are crucial pathogenicity factors in both resistant and
susceptible hosts.

4.3 Contributions to current knowledge

At the beginning of this study, there were few studies that investigated the transcriptomic responses of
Myrtaceae species in respons@tgsidii(Hsieh et al., 2018; Tobias et al., 201B¢cent studies have
emerged that investigate the host responses adaipsidii (Santos et al., 202®ut no studies have
emerged that investigate host responses over a time series upon infectidnpsith. In the present

study, a comprehensive time series reveals how the resporisegrahdischanges over the course

of infection, revealing that timing of responses is important in the interaction. We show that despite
the resistant hosts mounting a defe response after the susceptible hosts, coordination and efficiency

in responses in the resistant hosts are more important, as susceptible hosts are unable to sustain defen
responses and prevent pathogen proliferation. Furthermore, we show thatilsiesbegts mount
extreme responses adpi, and these responses may be an-ogerpensation due to the increase in
disease severity at this time poiwe identified brassinosteroid signalling in tharfeeraction at 2

dpi, with this phytohormone signailly process absent in tharferaction across the time series. This

is the first report of this phytohormone in the hAstpsidii pathosystem. Future studies need to
investigate how this phytohormone contributes to host defence. Finally, we identifieth@ra of

resistance genes that are significantly differentially expressed both at the constitutive and induced
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levels. These genes are tagged as contributors to host defence and further studies are required t

determine how they are involved in the iaigron.

To date, there are no studies that investigateamscriptomiaesponses oA. psidiiin E. grandisand

other Myrtaceae species, however new studies are expected to emerge due to the release of the
Austropuccinia psidireference genomgélobias et al., 2021)We identified pathwaysvolved in
pathogenicity and virulence, corroborated by previous studies su@hemsne et al. (2016¥5uch as

the involvement of malate dehydrogeaaand oxalic acid in host susceptibility. Additionally, we
identified a rust transferred protein in theineraction at &pi. This is the first report of the
involvement of this protein in th&. psidiipathosystemThis study has identified pathwaysdagenes

that potentially contribute to its success in susceptible hosts.

The results of this study provide valuable insights into the complex molecular dialogue that exists
betweerk. grandisandA. psidii. Through this, we have identifiedvel pathways putatively involved

in the resistance against myrtle ragtis includes a range odsistance genes and novel phytohormone
pathwaysThese findings will significantly contribute to targeted selective breeding programmes and
genetic enginageng of resistant plants to mitigate the devastating effects of the pathdgesover,

cell wall degrading enzymes, a plethora of effector proteins, and oxalic acid putatively contribute to
the molecular dialogue between myrtle rust &ndyrandis.The identified effectorgenes can be the
target for future functional studies that aims to characterisenth@anta functions, as this will
significantly contribute to novel disease control strateg{@gerall, we have demonstrated the
molecular dialogue betwea host and pathogen over a time series, with this being the first study of its
kind. The knowledge gained from this study will drive future studies that further unravel the

mechanisms underlying these interactions.
4.4 Hypothesised model of the molecular dialogue

We hypothesise the model in Figure 4.1 to expthemolecular dialogue betweén psidiiandE.

grandis The dialogue between host and pathogen triggers significant changes within the transcriptome
of both resistant and suscepéildhosts.In susceptibleE. grandis we hypothesise that the effector
proteins released during the interactc@mgo undetected by the plaRtgenes and thus, downstream
defence responses including HR and ROS are inhilfitesaccumulation of RTP1 near the haustoria

in the extrahaustoriamatrix results in accumulation of chloroplasts and the nucleus near the haustoria.
This results in reduced functioning of the chloroplasts, whiely affectdefence responses such as

production of ROS and HRHR and ROS aralso affected in the presence of oxalic acid. In
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combination, susceptible hosts may not be able to activate HR. This is obseBweaniepoel et al.
(2021) in which susceptible hosts showed delayed &ty during late stages of infection atdpi.

Our results showed that phytohormones involved in the response included SA, JA, ET, ABA and BR.
In susceptible hosts, the production of oxalic acid\bgsidiimight be affecting the production of JA,

ET and ABAwhich mayinfluencethe SArelated defence responsds.turn, this mayaffect the
production of BR within susceptible hosts, accounting for its absence in our study. This may contribute

to reduced activation of downstream defence responses that resofessed disease symptoms.

4.5 Limitations and future studies

Despite the robust RNAeq analysis, and the stringency with which the data was analysed, there are
limited further lines of evidence to validate the responses we are obsdfutinge studies need to

focus on brassinosteroid signallinop both resistan and susceptible hosts to confirm that this
phytohormone is involved in resistance. This can be through direct measurements of BR levels upon
infection, or inhibition of BR biosynthesis and signalling in resistant hosts while monitoring the

resulting respnses upon infection.

We identified little pathogen data, with only a total of 890 genes identified in the interaction. The
expression of these genes provides valuable insights of the pathogen interblctveener,there are

far more genes involved in this interaction that we are not finding in the present study, so future studies
need to investigate targeted areas upon infection, such as harvesting tissues directly surrounding the
urediniospores pustules. This wélhsure we identify more pathogen genes to gain an understanding

of the whole pictureThis is not always possible with studies on rust pathogens, as pustules typically
develop at 1@lpi. This means that a study focusing on the pustules will only obtammation of

late stages of infection and not the responses occurring during early colonisation. Despite this,
information on gene expression ranging from early infection, colonisation and proliferation will

provide comprehensive, valuable information loa tesponses &f. psidii

Finally, we were nable to perform a comprehensive network analysis including both the host and
pathogen data as the pathogen data did not fit the parameters for a weighted-gem@ssion
network analysis (WGCNA). Thereforee could not investigate the relationship between expressed
host and pathogen genesd only ahierarchical clusteringould beperformed on pathogen data
Hierarchical clustering results ardormative,butit does not show the relationship betweert laosi
pathogen. Future studies will need to isolate fungal structures for RNA extraction to obtain more

pathogen data for the analysssich as haustoria or pustules.
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Figure 4.1. Hypothesised model of the interaction betwBenalyptugyrandisandAustropuccinia psidiiABA

= abscisic acid; BR = brassinosteroids; ET = ethylene; HR = hypersensitive response; JA = jasmonic acid; PR
= pathogenesigelated protein; PRR = laogen recognition receptd®:gene = resistance gene; ROS = reactive
oxygen species; RTP1 = rust transferred protein 1; SA = salicylic acid.
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The datasets generated for this study can be found through the National Centre for Biotechnology
Information (NCBI) Short Read Archive (SRA) databases under the following accession,
PRJIJNA763498

Thesupplementary figures and tables can be found at:

https://drive.google.com/drive/u/1/folders/OAMtCMNvVICHX8UK9PVA

Chapter 2

Supplementary Table 2.1: Tables showing the number of total gene and their descriptions underlying

Puccinia psidii resistancéPpr) loci.

Supplementary Table 2.2: Tables showing differentially expressed genes underRunginia psidii
resistancgPpr) loci in R, S and & vs RC.

Supplementary Table 2.3: Tables showing differentially expressed resistance (R) genes underlying
Puccinia psidii resistancéPpr) loci in resistant, susceptible and resistant, control vs. susceptible,

control.

Supplementary Table 2.4: Table showing the umber and identity of brassinosteroid mediated

signalling genes underlyinguccinia psidii resistancépr) loci.
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Figure S2.1. The gene ontology (GO) biological processes functional characterisation of genes
underlying the five resistance lociliucalyptugPpri-5), showing the significantly enriched terms in

each locus.
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Chapter 3

Supplementary Table 3.1: The mapping statistics of the dual RM&q ofEucalyptus grandisind

Austropuccinia psidii.

Supplementary Table 3.2: The top 100 most highly express@dstropuccinia psidigenes in the

resistant interaction, as a measure of FPKM values.

Supplementary Table 3.3: The top 100 most highly expressAdstiopuccinia psidiigenes in the

susceptible interaction, as a measure of FPKM values.

Supplementary Table 3.4: Overrepresented KEGG terms of total expres8edtropuccinia psidii

genes representing FDR values.
Supplementary Table 3.5: Differentially expressd gene list at-8pi.

Supplementary Table 3.6: Overrepresented gene ontologies (GO) in the biological processes (BP)

category of total expressédistropuccinia psidigenes representing FDR values.

Supplementary Table 3.7: The expressed candidafaistropuccinia psidii effectors representing
FPKM values.

Supplementary Table 3.8: The top ten BLAST results for expressed candidate effectors.

Supplementary Table 3.9: The clusters of total expressédistropuccinia psidigenes identified

through hierarchical clustering.

Supplementary Table 3.10: The GO enrichment on clusters of total expregsestropuccinia psidii

genes identified through hierarchical clustering.

Supplementary Table 3.11: The CRB BLAST results with target proteins identified in a previous

proteome study.

Supplementary Table 3.12: The expressed genes from the CRB BLAST results.
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Figure S3.1. Over-represented gene ontologies (GO) in the molecular function (MF) category. The
heatmap shows enriched terms of the total expreasstiopuccinia psidiigenes in both the Rand S
interaction over the time series, where the aokralerepresents the false discovery rate (FDR) adjusted p
value and grey represents the absence of the term. GO analysis identified-&pmasanted MF terms. R =

resistant interaction; S = susceptible interaction; hpi = hours post inoculation; dpi = daiympolation.
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Figure S3.2. Over-represented gene ontologies (GO) in the cellular component (CC) category. The
heatmap shows enriched terms of the total expre8ssttopuccinia psidiigenes in both the -Rand S
interaction over the time sesiewhere the colo scale represents the false discovery rate (FDR) adjusted p
value and grey represents the absence of the term. GO analysis identified-fepmsented CC terms. R =
resistant interaction; S = susceptible interaction; hpi = hourdrpmsilation; dpi = days post inoculation.
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Figure S3.3. The number of expressed Austropuccinia psidiicandidate effectors. Red represents
the genes expressed in tRenteraction, green represerdggpressed genes between theaRd S-

interaction and blue represents effector geregpressed irthe Sinteraction. hpi = hours post

inoculation; dpi = days post inoculation.
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Figure S3.4. The cluster dendrogram of expressed Austropuccinia psidiigenes in inoculated
samples. The number of clusters selected from this dendrogram was K, stdwn by the colour
blocks. The red line indicates where the dendrogram would have been cut if, i§en8rating three
clusters
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Figure S3.5. Line plots of each cluster across the time series in the resistant and susceptible samples where
K = 3. Each black line represerds expressed gene, and the red line represents the median expression in each
cluster. The calculated-Zores were used to plot the graphs. C = cluster; N = number of genes; hpi = hours

post inoculation; dpi = days post inoculation; R = resistant infterac® = susceptible interaction.
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Figure S3.6: Hierarchical clustering analysis of expressed Austropuccinia psidiigenes showing a
heatmap of expression across the time series in both the resistant and susceptible interactions.
The VST values were scaled bysgores. Theolourgradient represents the relative expression of the

genes, where black represents greateresgoon and white represents lower expression.
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