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Preface 

Myrtle rust research programme 2017-2019: understanding the 
pathogen, hosts, and environmental influences 

Smith G, Beresford R, Ganley B, Chagné D, Ridgway H, Pathirana R 
Plant & Food Research: 1Lincoln, 2Mt Albert, 3Te Puke, 4Palmerston North 

June 2019 

 
This final research programme report is comprised of seven topic reports detailing the research 
outcomes from the seven Priority Topics identified in the Ministry for Primary Industries, 
Request for Proposal 18608, Myrtle Rust Research Programme 2017/18.  

Theme 1. Understanding the pathogen, hosts, and environmental influences 

Topic 1.1  Identification of native and important exotic host species  
susceptibility to myrtle rust, including variability within species 

Topic 1.2  Identification of asymptomatic periods 

Topic 1.3  Assessment of other myrtle rust biotypes 

Topic 1.4  Initial identification of genetic markers linked to resistance 

Topic 1.5  Relationship with endophyte populations 

Topic 2.1  Austropuccinia psidii de novo genome sequencing 

Theme 2. Improving management tools and approaches 

Topic 3.1  Seed banking and germplasm research strategy 

This research was undertaken by science staff of The New Zealand Institute for Plant and Food 
Research Limited, Scion, Manaaki Whenua Landcare Research, Wellington Gardens and 
overseas collaborators including the Queensland Department of Agriculture and Fisheries, the 
New South Wales Department of Primary Industries and the University of Sydney. 

The research findings from this programme are already being extended in other research 
programmes, including the MBIE Endeavour Beyond Myrtle Rust programme and to further 
enhance trans-Tasman research collaborations by seeking funds from the Australian Research 
Council Linkage Fund to investigate the molecular basis of pathogenicity. 
 

For further information please contact: 
Grant Smith 
Plant & Food Research Lincoln 
Private Bag 4704, Christchurch Mail Centre 
Christchurch 8140, NEW ZEALAND 
Tel: +64 3 977 7340 
DDI: +64 3 325 9590 
Fax: +64 3 325 2074 
Email: grant.smith@plantandfood.co.nz 
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Appendix 1. Example of landowner consent form 

 

 

 

 

 

 
LANDOWNER CONSENT FORM 

 
I (We),        , give permission 
for the collection of Syzygium maire (Swamp Maire) 
material from my property located at: 
            

            

Permission is given to         
From (agency)          
 

Research data generated from this plant material can 
be published and or presented at scientific 
conferences. 

I (We), would like to see a copy of the research data 
results prior to publication. 
 

Signature (land owner/manager):      
Contact details:          
Date:      
            
In return, the permittee agrees to respect the rights and property of the landowner. 
The material will be used solely for research and conservation purposes and will not be 
exchanged or sold. 
 
 

 



 

 

 

http://www.plantandfood.co.nz
http://www.plantandfood.co.nz
http://www.plantandfood.co.nz
http://www.plantandfood.co.nz
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1 Executive summary 


There is resistance to the pandemic biotype of Austropuccinia psidii, the causal pathogen of 


Myrtle Rust in New Zealand mānuka (Leptospermum scoparium). This resistance is evidenced 


by three phenotypes observed on plants, grown from New Zealand sourced seed, which had 


been artificially inoculated with fungal spores and maintained in conditions favourable for fungal 


spore germination, infection and development of disease symptoms. In the first two resistance 


phenotypes, symptoms are not visible on the leaf, or on the main or lateral stems of the plants. 


The third symptom observed was small yellow flecks or necrotic spots on the leaves consistent 


with a hyper-sensitive defence response. New Zealand mānuka is the first species tested in this 


disease assessment protocol to have shown significant stem infection. Whilst, the genetic basis 


of resistance and susceptibility is unknown, the analysis suggests that the three forms of 


resistance have limited genetic linkage, as leaf resistant-stem resistant, leaf susceptible-stem 


resistant, leaf-resistant-stem susceptible and leaf susceptible-stem susceptible phenotypes 


were all observed.  


The first two forms of resistance (no symptoms of infection) are present in most of the seed 


families sourced from different geographic regions of the North Island: 90% of families 


contained plants that showed the leaf resistance and 98% of the families contained plants that 


showed the stem resistance mechanism. The L2 putative hypersensitive resistance is only 


present in 29% of the families tested to date. However, the combination of either of one of the 


two leaf resistances with stem resistance was limited: only 18% of the plants assessed to date 


showed this double resistance phenotype, although this trait was widespread and was present 


in 80% of the families. Thus, while these resistance mechanisms are present in many different 


seed families, 82% of the plants grown from seed from those families had limited (i.e. leaf 


susceptible-stem resistant, leaf resistant-stem susceptible) or no (i.e. leaf susceptible-stem 


susceptible) resistance to this invasive pathogen.  


In contrast, there was essentially no resistance (0.17% of plants tested) to A. psidii in plants 


grown from seed of 31 pōhutukawa families, and no resistant plants were found in the three 


ramarama (Lophomyrtus bullata) families and one rohutu (Lophomyrtus obcordata) family 


assessed to date. 


These results are from artificial inoculation assessment trials and their applicability to the New 


Zealand natural estates are not yet known. Factors such as inoculum load, humidity, 


temperature and species density will be important to the rate at which this pathogen both 


spreads and causes ecological damage. These initial results are important as they reveal that 


New Zealand mānuka is susceptible to stem infection, that two of the three resistance 


mechanisms appear to be widely distributed in the plant gene pool but appear to have limited 


genetic linkage, that the number of individual plants with both stem and leaf resistance is 


limited, and there is a provenance effect as plants grown from seed collected from mother 


plants growing in the east of the North Island provided almost 50% of the leaf-stem infection-


resistant plants despite only contributing 33% of the plants to this initial study. 
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2 Recommendations 


1. Continue to assess the resistance of New Zealand sourced Myrtaceous seed (ongoing 


research supported by the MBIE Catalyst C11X1607 Myrtle rust: a significant threat to 


Australasia and the Pacific programme). 


2. Understand the genetic and molecular and biochemical basis of the leaf and stem 


resistances in mānuka, to explore potential novel control options (this research has been 


started in the MBIE Endeavour programme Beyond Myrtle Rust; however, the scientific 


challenge is now significantly larger with three (putatively independent) forms of 


resistance to investigate). 


3. Investigate the genetic linkage between the resistance mechanisms in mānuka and other 


plant traits such as flowering time and duration, and methylglyoxal production. 


4. Urgently, preserve the genetic diversity of New Zealand Myrtaceae via appropriate 


germplasm storage systems 


3 Introduction 


Response or management options to address the ecological consequences of the incursion of 


Austropuccinia psidii, the causal pathogen of myrtle rust in New Zealand at local and landscape 


levels requires an understanding of the level of susceptibility of the Myrtaceae species present 


in New Zealand to this pathogen. Worldwide, the Myrtaceae family is comprised of 5950 


species in 132 genera (Christenhusz and Byng 2016). Buys et al. (2016) noted that New 


Zealand currently has over 100 Myrtaceae species in 43 genera. After the 2014 revision of 


Kunzea and noting that the Leptospermum scoparium aggregrate needs critical re-examination 


(de Lange and Rolfe 2010, de Lange 2014) New Zealand has 27 native species in six genera 


(Kunzea, Leptospermum, Lophomyrtus, Metrosideros, Neomyrtus and Syzygium).  


In April (Raoul Island) and May (Kerikeri) of 2017, A. psidii was found infecting mature and 


seedling pōhutukawa (Metrosideros kermadacensis and Metrosideros sp.) plants. There are 


nine strains of A. psidii currently recognised and some have been grouped into biotypes 


(Stewart et al. 2018). The incursion into New Zealand was by the pandemic biotype of the 


pathogen: this biotype has an extensive (~450 species) host range and has been reported from 


Hawaii, Australia, Singapore, Indonesia and New Caledonia (du Plessis et al. 2019). There are 


published reports of the reaction of native New Zealand plant species to the pandemic biotype 


of A. psidii from other countries (i.e. Metrosideros excelsa in Hawaii Anon (2013) and 


Leptospermum scoparium in Australia (Sandhu and Park 2013)). However, the source of seed 


or plants was often not stated and thus the provenance of these plants was unclear, reducing 


the value of these observations in understanding the potential effect of myrtle rust disease in 


New Zealand.  


A. psidii has been present in Australia since 2010. A significant component of the science 


response to this pathogen has been assessing the disease response of artificially inoculated 


plants grown from seed (Pegg et al. 2014, 2018; Sandhu and Park 2013) using a modification of 


the Junghans scale originally developed in Brasil (Junghans et al. 2003). Two key outcomes 


from this research were the identification of resistance in native Australian species and the 


identification that provenance (the locale where seeds were collected from) had a significant 


effect on the number of individual plants that were resistant in a species. Seed collected from 


plants growing in drier regions generally resulted in more resistant individuals in a population 


(Lee et al. 2014, Pegg et al. 2014, Freeman et al. 2019).  
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A research programme supported by an MBIE Catalyst grant C11X1607 Myrtle Rust: a 


significant threat to Australasia and the Pacific commenced in June 2017 to assess the 


resistance/susceptibility of plants grown from seed of New Zealand native Myrtaceae species 


collected from provenances throughout the country at the Queensland Department of 


Agriculture and Fisheries (QDAF) facilities in Brisbane, Australia. In December 2017, additional 


investment via MPI RFP 18608 Topic 1.1 Identification of native and important exotic host 


species susceptibility to myrtle rust, including variability within species allowed for the 


expansion of this effort and the potential to include economically important non-native species 


(e.g. Eucalyptus and Acca sellowiana (Feijoa)) in this assessment programme. Unfortunately, 


because of the incursion of A. psidii into New Zealand, the Australian Federal Government 


Department of Agriculture and Water Resources (DAWR) suspended imports of Myrtaceae 


seed into Australia whilst the import conditions were reviewed, delaying this research by 8 


months. As a result of this delay, only limited results from four New Zealand Myrtaceae species 


are available for this report. 


Seed was collected from each individual plant and was not mixed or bulked with seed from 


other plants. Thus, each ‘mother plant’ provided a seed family: a collection of seeds that 


originated from one tree and, therefore, had a shared genetic base from that tree. The source of 


the pollen for each seed was unknown (potentially selfed from the mother plant, or open 


pollinated from one or more sources), thus the origin of the remaining genetics of each seed is 


unknown. 


4 Materials and methods 


Seeds from New Zealand native Myrtaceous species were collected from locations around the 


country and stored at Scion, Rotorua, or The New Zealand Institute for Plant and Food 


Research Limited, Palmerston North. These seeds were collected under a range of agreements 


with local mana whenua and landowners in particular by staff from the MBIE Endeavour grant 


C09X1608 Building resilience and provenance into an authentic Māori honey industry or 


under concession. 


The seed was collected from each individual plant and was not mixed with seed from other 


plants. Thus each ‘mother plant’ provided a seed family: a collection of seeds that originated 


from one tree and therefore had a shared genetic base from that tree. The source of the pollen 


for each seed was unknown (potentially selfed from the mother plant, or open pollinated from 


one or more sources), thus origin of the remaining genetics of each seed is unknown. 


A permit to import conditionally non-prohibited goods in Australia, 0002144655, was issued on 


27 March 2018. This permit applied to Kunzea spp., Leptospermum spp., Lophomyrtus spp., 


Metrosideros bartlettii, M. carminea, M. colensoi, M. diffusa, M. excelsa, M. fulgens, 


M. kermadecensis, M. perforata, M. robusta, M. umbellata and Syzygium spp. Neomyrtus spp. 


and any non-native species were not covered by this permit. As per the permit conditions, 


seeds were treated with a fungicide with Mancozeb as the active constituent. 
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Table 1. Details of exported seed to Australia under the conditions prescribed under 


Australian Government Permit 0002144655, a permit to import conditionally non-prohibited 


goods issued under the Biosecurity Act 2015 Section 179 (1). 


Date Species No. of Families 


May-18 Leptospermum scoparium (mānuka) 100 


Aug-18  


Leptospermum scoparium (mānuka) 30 


Leptospermum scoparium incanum (mānuka kahikātoa) 1 


Lophomyrtus bullata (ramarama) 3 


Lophomyrtus obcodata (rohutu) 1 


Kunzea linearis (kanuka) 5 


Kunzea robusta (kanuka) 25 


Metrosiderios excelsa (pōhutukawa) 32 


Syzgium maire (swamp maire)  1 


Nov-18 Leptospermum scoparium (mānuka) 300 


Dec-18  


Lophomyrtus obcodata (rohutu) 15 


Metrosideros diffusa (white rata) 35 


Leptospermum scoparium (mānuka) 586 


Jan-19  


Metrosideros umbellate 16 


Leptospermum scoparium (mānuka) 4 


Metrosideros fulgens 6 


Feb-19 Leptospermum scoparium (mānuka) 29 


Mar-19 Syzgium maire 1 


Total    1190 


 
The seeds were germinated in a secure Queensland Government glasshouse and when 


sufficiently mature a trial was established using a randomised incomplete block design with at 


least a single plant from each family treatment in each replicate. As a fungal infection positive 


control, seedlings from three provenances of Melaleuca quinquenervia (broad-leaved paperbark 


tree) were included. These M. quinquenervia seed lots have previously been tested (Pegg et al. 


2018) and have a range of susceptibility levels within the populations. Plants were shipped to 


QDAF Brisbane where the seedlings were inoculated using a fine mist spray of a suspension of 


1 x 105 fungal spores/ml applied to ensure leaf and stem surfaces of the seedlings were coated 


but runoff of the spore suspension was avoided. 


Plants were monitored for progression of disease symptoms and were visually assessed 20 


days post-inoculation using two scales described in Table 2 and Table 3. The leaf scale was 


modified from that of Junghans et al. (2003) and was applied to foliage symptoms only. 


Table 2. Leaf disease visual assessment scale. 


Scale Leaf visual symptoms 


L1 No symptoms or the presence of flecking (yellow/clear) evident 


L2 Presence of a hypersensitive reaction (HR) with fleck or necrosis 


L3 Small pustules, <0.8 mm diameter, with one or two uredinia 


L4 Mediumsized pustules, 0.8–1.6 mm diameter with about 12 uredinia 


L5 Large pustules, >1.6 mm diameter, with 20 or more uredinia on leaves, petioles and/or shoots  
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Whilst monitoring disease symptom development, variability in stem infection levels (number of 


lesions and size of lesions) between species became obvious (Figure 1). This variability could 


not be captured using the modified Junghans method, so an additional stem assessment scale 


was developed (Table 3).  


Table 3. Stem disease visual assessment scale. 


Scale Stem visual symptoms 


S1 No evidence of infection on stems (includes main and lateral) 


S2 Pustule present on stems but no lesion 


S3 1–2 stem lesions; average length <5 mm 


S4 1–2 stem lesions; average length ≥5 mm 


S5 >2 but <5 stem lesions; average length <5 mm 


S6 >2 but <5 stem lesions; average length ≥ 5mm 


S7 ≥5 stem lesions; average length <5mm 


S8 ≥5 stem lesions; average length ≥5mm 


 
 


 


Figure 1. Austropuccinia psidii pustules on the main and lateral stems of a New Zealand mānuka plant 


(left and centre) and stem distortion as a result of fungal infection (centre and right). Photos: Grant Smith.  


Each individual plant in the trial was scored for both leaf and stem infection using the above 


scales. Plants with L1, L2 or S1 ratings are considered to be resistant: plants with any rating in 


the range of L3-L5 or S2-S8 are considered susceptible in this report. 


5 Results 


5.1 Identification of resistance in mānuka 


Plants from 97 mānuka seed families have been assessed and analysed to date. Only data 


from families that had 10 or more plants in the trial were analysed; thus 17 families were 


excluded from the analysis. Results from the remaining 1252 plants in 80 families were 


analysed. Three types of resistance phenotype were identified in the mānuka seed families: 


L1 No symptoms or the presence of flecking (yellow/clear) evident 


L2 Presence of a hypersensitive reaction (HR) with fleck or necrosis 


S1 No evidence of infection on stems (includes main and lateral). 
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L1 and S1 with no symptoms or evidence of infection may be constitutive (pre-formed) 


resistances, whilst L2 may be a reactive hypersensitive response that results in death of the 


infected cell resulting in a coloured fleck or small necrotic region on the leaf. These initial 


interpretations require more investigation to understand the molecular and biochemical basis of 


the resistance phenotypes. 


5.2 Mānuka families 


Most of the 80 families contained resistant plants: 72 families contained one or more L1 


resistant plants, 23 families contained one or more L2 resistant plants, whilst 78 families 


contained one or more S1 resistant plants. Many families contained plants with both L1 and S1 


resistances: the 194 individual L1-S1 resistant plants were distributed across 63 of the 80 


families, with the number of L1-S1 plants per family varying from one to 12. The 36 L2 plants 


were from 23 families, ranging from one to four plants per family; all of these 23 families also 


produced plants with an S1 phenotype. However, only 30 L2-S1 plants were present in 19 of 


these 23 families. 


5.3 Mānuka plants 


Whilst leaf and or stem resistance was widespread at the family level, the number of individual 


plants showing either or both resistances was limited. Overall, 31% of the individual plants had 


L1 or L2 resistance, while 31% of the individual plants showed S1 resistance. However, only 


18% of the resistant plants showed L1-S1 or L2-S1 resistance. In contrast, 13% of plants with 


L1 or L2 resistant leaf phenotype were susceptible to stem infection (S2-S8), and the same 


percentage (13%) of plants with S1 stem resistance were susceptible to leaf infection (L3-L5) 


(Table 4). Most of the plants in this trial (56%) were susceptible to both leaf and stem infection. 


Infection of flowers and stem dieback as a result of fungal infection were also noted in this trial 


(Figure 2). 


 


Figure 2. Fungal pustules on a mānuka flower (left) and stem dieback (centre and right) of a New Zealand 


mānuka plant after infection by Austropuccinia psidii. Photos: Geoff Pegg.  
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Table 4. Summary of 1252 mānuka plants with resistance and susceptible phenotypes to 


leaf and stem infection by the pandemic biotype of Austropuccinia psidii. 


Phenotype Organ/ Phenotype Plants 


Resistant Leaf and Stem ((L1 or L2) and S1) 224 (18%) 


Resistant and susceptible Leaf (L1 or L2) and Stem (S2-S8) 167 (13%) 


 Stem (S1) and Leaf (L3-L5) 167 (13%) 


Susceptible Leaf (L3-5) and Stem (S2-8) 694 (56%) 


5.4 Pōhutukawa, ramarama and rohutu 


Only one pōhutukawa plant was resistant to A. psidii of the 570 plants tested from 31 families, 


and no resistant plants were found in the three ramarama (Lophomyrtus bullata) families and 


one rohutu (Lophomyrtus obcordata) family assessed to date. 


5.5 Provenance of mānuka families  


The origin of the seed influenced the number of resistant ((L1 or L2) and S1) plants. Seeds 


were collected from four geographic regions: North(land), West (Waikato), East (Gisborne and 


inland) and East Cape in the North Island. Noting that the number of families and plants from 


the West is low and more material should be tested, the East region, which provided a third of 


the plants tested, contributed 47% of L1 or L2 and S1 resistant plants found in this trial 


(Table 5).  


Table 5. Geographic origin of the 80 mānuka families and 1252 plants and 


contribution of resistance phenotypes by percent. 


Region Families Plants L1 & L2 S1 L1 & L2 and S1 


North 41 44 31 47 35 


West 6 6 3 7 5 


East 33 32 50 34 47 


East Cape 20 18 16 12 13 


6 Discussion 


There is resistance to the pandemic biotype of A. psidii in New Zealand mānuka. This 


resistance is evidenced by three resistant phenotypes: two leaf (L1 and L2) and one stem (S1) 


resistance. For effective plant-level field resistance either L1 or L2 combined with S1 would be 


required; only 18% of the plants (irrespective of family) showed either a L1-S1 or L2-S1 


phenotype. This is the first species for which significant stem infection has been noted in the 


artificially inoculated disease assessment trial. Whilst stem infection may be an artefact of the 


inoculation method and trial conditions optimised from fungal spore germination and 


subsequent infection, mānuka is the first species tested that has shown substantial stem 


infection that required the development of a new stem-specific disease assessment scale. 


Significant stem infection can result in stem tip dieback and stem distortion (Figure 2) that may 


result in significant architecture changes to plants that survive repeated infection. The 


consequences of stem tip death may result in the initiation of new lateral stems with this new 


growth (flush) presenting ideal tissue for ongoing infection and inoculum production by the 


pathogen. 
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At the family level, there is significant distribution of resistance to this pathogen biotype with one 


or more resistant (L1-S1 or L2-S1) plants in 73 of the 80 families. However, at the plant level 


only 18% of the individual plants showed both resistance combinations, while 26% of the plants 


showed either leaf resistance-stem susceptibility or leaf susceptibility-stem resistance to the 


pathogen. Further, over half (56%) of the mānuka plants tested were both susceptible to leaf 


and stem infection. All families, irrespective of the number of L1, L2 or S1 plants in the family, 


contained susceptible plants. All these results suggest that the genetic linkage between leaf and 


stem resistance in mānuka is limited.  


The definitions of resistance and susceptibility used for this initial analysis may have resulted in 


some Mānuka plants that may be tolerant to infection being classified as susceptible. The fungal 


spores for artificial inoculation are produced from infected Syzygium jambos (rose apple). In 


Australia, this species appears to be relatively tolerant to repeated infection: the species 


becomes heavily infected but generally does not die, like many other species. However, tree 


death is not the only measure of effect, with changes in phenotypic characteristics (e.g. loss of 


apical dominance as a result of tip death resulting in changes to plant architecture) and reduced 


fecundity as a result of flower and fruiting body infection may also affect species prevalence in 


the natural estate. There is currently a limited understanding of the correlation of glasshouse 


results (under conditions controlled to optimise infection) with field infection rates, and disease 


effect under field conditions in the short and long term. Thus, potentially, plants rated L3 or S3-


S5 may be tolerant to infection in the field, particularly should inoculum pressures be lower. The 


consequences of the different severity levels and type of stem infection (main stem v. branches) 


are also unknown in relation to dieback and flower bud formation and survival. Likewise, the 


consequences on growth, plant architecture, flowering, fecundity and viable seed production of 


repeated infection of tolerant plants is unknown. A few mānuka plants in this trial produced 


flowers: like the flowers of other species that have been tested these flowers where susceptible 


(Figure 2) and flower/flower bud death was observed. Under field conditions, a number of these 


effects are unlikely to become obvious in the short term and may also be very different on 


mature plants in comparison to seedlings. As reported in Australia, the effect on Leptospermum 


species is greatest following a disturbance event with epicormic regrowth and seedlings 


showing higher levels of infection and dieback than trees in undisturbed sites (Pegg et al. 2018). 


The direct and indirect effect on flowering of Leptospermum species in Australia has not been 


studied in any detail.  


The high level of total (56%) and partial (26%) susceptibility to A. psidii found in plants grown 


from seed collected in the North Island presents a significant challenge to long-term 


management and response as the consequences of the fungal incursion become fully evident to 


New Zealand’s native and introduced Myrtaceous flora. The very low level of findings of infected 


mānuka plants (3 of 19,808 at September 2018) during surveillance surveys (Ministry for 


Primary Industries 2018) had been interpreted to suggest this species is largely resistant to 


infection. These results clearly demonstrate that there is significant susceptibility in this 


important ecological and economic species. The finding of only one resistant pōhutukawa plant 


in 570 plants from 31 families is of further concern as it suggests that susceptibility in this iconic 


taonga species to A. psidii infection is very common and dominant. 
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Executive summary 


An experimental and modelling approach was used to gain practical insights into how epidemics 


of myrtle rust (Austropuccina psidii) in New Zealand regions are affected by interactions 


between regional temperatures and rates of host and pathogen development. It focused on two 


key parameters influencing myrtle rust development:  


Latent period, which is the time from infection to production of new spores. Latent development 


rate affects survival of the pathogen between infection events and between seasons. It was 


studied on two New Zealand natives (Metrosideros excelsa - pōhutukawa - and Lophomyrtus x 


ralphii - ramarama/rohutu hybrid) and on Syzygium jambos (rose apple), a highly susceptible 


species included for international comparison.  


Leaf node emergence, which is a measure of the seasonal production of new plant tissue that 


is susceptible to A. psidii infection. It was studied on M. excelsa and L. x ralphii in seven New 


Zealand regions. 


Latent period experiments were conducted under controlled temperatures at the Ecosciences 


Precinct in Brisbane (M. excelsa and S. jambos) and in the field in Auckland (L. x ralphii). We 


found a higher-than-expected temperature range for latent development on all three hosts 


(optimum 24–27°C). The minimum latent period was 5–6 days, which is much shorter than the 


12 days previously reported. Negligible latent development occurred below 10°C. Modelling 


showed that winter mean air temperatures in the lower North Island and upper South Island of 


New Zealand can halt A. psidii development, enabling overwintering of A. psidii within plant 


tissues in colder areas. This means that re-infection during winter is not required for 


perpetuation between seasons. This is the first comprehensive study on this aspect of A. psidii 


biology and the findings suggest that latent period has a greater role in influencing myrtle rust 


development in New Zealand’s temperate climate than previously thought.  


Leaf node emergence on main shoots of M. excelsa and L. x ralphii was measured in field 


plots planted at seven sites from Auckland to Marlborough over two seasons. Data were used to 


develop a predictive model of regional leaf emergence rate in relation to accumulated 


temperature (thermal time). Emergence rates for L. x ralphii were about five times lower than for 


M. excelsa and the branching growth habit of L. x ralphii produces more side branches per tree, 


whereas M. excelsa produces fewer branches with more leaves per branch.  


When emergence rates were compared in the northern North Island (Kerikeri) and northern 


South Island (Motueka), the current range of A. psidii establishment, rates for both species 


peaked in February and were minimum in July. Although the maximum emergence rate in 


summer for both species was similar in Kerikeri and Motueka, the peak was short-lived in 


Motueka. In Motueka, the winter-minimum emergence rate was zero for M. excelsa, but L. x 


ralphii still grew. There were differences in plant vigour caused by site factors, but both high and 


low vigour L. x ralphii plants had an optimum base temperature for thermal time accumulation of 


0°C, whereas for M. excelsa, it was 6–8°C. This base temperature difference reflects the 


adaptation of L. x ralphii to cooler climates. The adaptation of M. excelsa to warmer climates 


was shown by the frost damage it suffered in the Hawke's Bay and Tasman plantings.  
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Opportunities for myrtle rust management. Interactions between leaf emergence rate and 


latent period were modelled for high- and low-vigour situations for each species in relation to 


regional temperature. Temperatures differentially favoured host growth over myrtle rust 


development for L. x ralphii in situations of high plant vigour, allowing the plant to continue 


growing as seasonal temperatures declined in autumn. Rust management may be achievable in 


cooler areas with a more temperate climate by fertilising and watering in autumn to encourage 


late season growth as declining temperatures become less favourable for rust development. 


Conversely, avoiding spring fertiliser applications could reduce risk by minimising the amount of 


susceptible plant tissue when warming temperatures in late spring favour rust development. 


These management suggestions are more likely to succeed in cooler southern and alpine areas 


and should be applied cautiously in warmer northern and coastal areas. 


Further research is required to understand interactions between infection conditions, inoculum 


load and susceptibility of New Zealand host species so that the future effect of myrtle rust can 


be predicted as inoculum pressure in the environment increases. The latent period component 


of the Myrtle Rust Process Model needs to be updated to improve its accuracy in predicting 


myrtle rust risk in New Zealand regions. 


Recommendations 


The modelling approach used in this study has given a practical insight into how myrtle rust 


epidemics in New Zealand regions are affected by interactions between regional 


temperature and rates of host and pathogen development. It has identified some ways in 


which these interactions might be exploited for disease management. However, further 


development of management strategies requires the following additional aspects of myrtle 


rust epidemiology to be understood:  


1. The interaction between infection conditions, inoculum load and genotypic susceptibility 


of New Zealand hosts. Myrtle rust inoculum pressure will increase as it becomes more 


widely established in the environment. Some host genera that have stood up well so far, 


like Metrosideros, Leptospermum and Kunzea, may become more severely affected 


over time. This has been reported in Australia for their hosts. We have the ability to 


predict this accurately in New Zealand, given appropriate experimental data and a 


modelling approach.  


2. The requirement of susceptible young plant tissue for A. psidii infection makes host 


growth characteristics a key determinant of myrtle rust risk. To predict the effect of 


myrtle rust on a wider range of New Zealand and exotic species seasonal growth rates 


need to be characterised in conjunction with A. psidii development rates.  


3. The new knowledge on latent period generated in this study needs to be used to update 


the Myrtle Rust Process Model to improve its accuracy. This model plays a key role in 


helping the understanding of myrtle rust development in New Zealand. It is now clear, 


given the higher-than-expected temperature requirement for A. psidii latent 


development, that latent period variation is much more important in determining regional 


risk of myrtle rust than previously thought. 
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1 Introduction 


To better understand and predict the effect of myrtle rust on New Zealand native and exotic 


Myrtaceae we need to understand how the biology of Austropuccinia psidii interacts with the 


biology of its host plants and how both of these interact with the environment to influence 


regional myrtle rust epidemics. The biology of A. psidii is poorly understood compared with rust 


pathogens affecting many crop plants and this study aimed to help rectify that through 


controlled environment and field experiments linked to a modelling approach to give practical 


insights into drivers for myrtle rust development. The purpose was to allow more effective 


surveillance, accurately predict A. psidii geographic range and seasonal activity, predict effects 


on different host species and identify opportunities for management or control. 


Two key aspects of pathogen and host plant biology were addressed in this study: latent period 


and leaf node emergence 


The asymptomatic period is the time between infection and appearance of A. psidii symptoms. 


This interval, known in rust epidemiology as the latent period, is one of the main parameters 


determining the survival and rate of spread of rust pathogens. It needs to be understood in 


relation to host genotype, host phenology and environment factors. It is crucial for explaining 


seasonal disease development patterns and for developing disease management strategies.  


The seasonal availability of young susceptible plant tissue is crucial to understand because 


A. psidii can only infect young, newly emerged leaves, stems, flowers and fruits. This means 


that host growth mediates when rust can infect its hosts.  


The study focuses mainly on two New Zealand members of the Myrtaceae that are threatened 


by myrtle rust, Metrosideros excelsa and Lophomyrtus spp.  


1.1 Seasonal variation in latent period 


1.1.1 Background 


Latent period is defined as the time between spore deposition and production of new uredinia 


containing spores (Teng & Close 1978). Rust latent periods are generally shorter on more 


susceptible hosts (Johnson 1980) and shorter at higher temperatures (Beresford & Mulholland 


1987; Beresford & Royle 1988; Hernandez Nopsa & Pfender 2014). This study sought to 


accurately define how A. psidii uredinial latent period varies with temperature and leaf age for 


three Myrtaceae hosts, two from New Zealand and one from overseas: 


Metrosideros excelsa ‘Mini New Zealand Christmas Tree’; a highly susceptible pōhutukawa 


clone sourced from Australia. 


Lophomyrtus x ralphii ‘Red Dragon’; a highly susceptible horticultural selection of a natural 


hybrid between L. bullata (ramarama) and L. obcordata (rohutu). 


Syzygium jambos (rose apple), which originates from Southeast Asia, is widely grown for its fruit 


and is extremely susceptible to myrtle rust (Tessman et al. 2001). A selection of unknown 


provenance from Australia was used. 







Topic 1.2 – Identification of asymptomatic periods. June 2019. PFR SPTS No. 18040-1.2.  


[5] THE NEW ZEALAND INSTITUTE FOR PLANT AND FOOD RESEARCH LIMITED (2019) 


1.1.2 Methods 


The M. excelsa and S. jambos data were obtained at the Ecological Sciences Precinct 


controlled environment facility in Brisbane, Australia, and the L. x ralphii data were obtained 


from field inoculations at different times of year at The New Zealand Institute for Plant and Food 


Research Limited, Auckland, under permissions to work with A. psidii obtained from the Ministry 


for Primary Industries and the Environmental Protection Authority. Both controlled-environment 


and field inoculations used the pandemic biotype of A. psidii (Pegg et al. 2014) collected in 


Australia or New Zealand. 


Controlled-temperature experiments on M. excelsa and S. jambos 


A series of inoculations was made and for each inoculation four temperature treatments were 


provided by three constant temperature cabinets and a roof-top shade house with naturally 


fluctuating temperature (mean 18–25°C). For each temperature treatment and species, 


10 replicate plants were spray-inoculated with a water suspension of 1 x 105 A. psidii 


urediniospores/ml. Infection was established with a 24-h wet period under a plastic tent in the 


dark at 18°C. The top 3–4 leaf pairs and internodes on each shoot were assessed daily to 


determine the time from inoculation to the first erupted uredinium (end of latent period).  


Field experiments on L. x ralphii 


The L. x ralphii ‘Red Dragon’ field inoculations were done in New Zealand on glasshouse-raised 


plants at different times of year (December to May) and symptom development and temperature 


were recorded in the field. For each inoculation, spores from field-infected plants were 


transferred to the top four leaves on four actively growing shoots. Inoculated shoots were 


misted with water and covered with plastic bags for 12–24 h. Symptom development was 


recorded daily, as described above, and temperatures were recorded with data loggers. 


Modelling latent period response to temperature 


The response of latent period (LP) for each leaf pair and associated stems (internodes) over the 


replicate shoots for each inoculation was modelled as the latent development rate, using the 


following function, which is a modification of a function used by Hernandez Nopsa & Pfender 


(2014) for wheat stem rust: 


LDR = 24 * A * Temp * [Temp - Tmin] x [1 - e{B * (Temp - Tmax)}]   (1) 


Where,  


LDR = Latent development rate (day-1) 


A = Rate of linear increase  


Temp = Mean temperature during the LP 


Tmin = Minimum temperature for latent development  


Tmax = Maximum temperature for latent development  


B = Rate of exponential decrease 


LP, therefore, = 1/LDR. 


Parameters A, Tmin, Tmax and B were fitted to the LP and temperature data using the non-


linear regression facility in Mintab® 18.1 (Minitab Inc., USA). 
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1.1.3 Results 


For M. excelsa and S. jambos, the youngest 3–4 leaves visible at the time of inoculation 


developed A. psidii symptoms; older leaves were completely resistant. First symptoms (leaf 


distortion and red blotches) appeared 3–4 days earlier on the youngest leaves than the oldest 


symptomatic leaves, but the time to first uredinia was no more than 1 day earlier on the younger 


leaves and only in some inoculations.  


For L. x ralphii the youngest two leaves visible at the time of inoculation, and the stem 


internodes between these, produced uredinia. While the first symptoms on leaves appeared as 


red spots, the first visible sign of stem infection was generally erupted uredinia. Latent period 


was not consistently different between younger and older leaves or between leaves and stems.  


Irrespective of whether the latent period and temperature data points were derived from 


constant temperatures or from fluctuating shade house or field temperatures, they all lay along 


the same response curve for each host species, showing that mean temperature during the 


latent period is an excellent predictor of A. psidii latent period. The modelled response of latent 


period to temperature for all three species was U-shaped (Figure 1) and was shortest near the 


optimum temperature of 24–27°C and longest near the lower (8.7–10.6°C) and upper (32.4–


33.6°C) limits. For S. jambos, the average minimum latent period was 5.2 days, for L. x ralphii 


6.0 days and for M. excelsa 6.5 days. Latent period varied little between about 20°C and 28°C, 


but below 18°C, for M. excelsa and L. x ralphii, and below 15°C, for S. jambos, it increased 


markedly.   


For M. excelsa, for which the widest range of temperature treatments was investigated, the 


increase in latent period at high temperature >30°C appeared to be caused by a direct adverse 


effect of the high temperature on the health of the host plants. At low temperature (<10°C) latent 


development was arrested, but infections were not killed. When one of the M. excelsa 


inoculations was held at a constant 8°C no symptoms developed after 1 month, but almost as 


soon as the temperature was raised to 12°C symptoms appeared, although uredinia were slow 


to develop at that temperature. 


 


Figure 1. Modelled response of Austropuccinia psidii latent 


period to temperature for Metrosideros excelsa, Lophomyrtus 


x ralphii and Syzygium jambos. Dashed lines indicate data 


extrapolated beyond the experimental data points. The 


preliminary estimate was that used in the Myrtle Rust Process 


Model by Beresford et al. (2018). 
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1.1.4 Discussion 


This study has, for the first time, accurately characterised the response of A. psidii latent period 


to temperature. The latent period response was substantially different from the preliminary 


estimate from literature used in the Myrtle Rust Process Model (Beresford et al. 2018). This 


study shows that the minimum latent period of 5–6 days is much shorter than the 12 days 


previously reported. It also shows that A. psidii latent development is favoured by higher 


temperatures than previously thought (optimum 24–27°C). Negligible latent development occurs 


below 10°C, which means that winter temperatures in the lower North Island and upper South 


Island of New Zealand will prevent A. psidii development. Upper North Island mean daily 


temperatures in summer are 18–22°C, which are below the optimum for latent development. 


This is an important finding because it indicates that latent period must have a greater role in 


influencing myrtle rust development in New Zealand than previously thought (Beresford et al. 


2018).  


Because latent development slows to a negligible rate below 10°C and resumes when 


temperatures rise again above about 12°C, it suggests that A. psidii will survive for long periods 


over winter within plant tissues in colder areas. This means that A. psidii does not require 


uredinial re-infection, or infection involving the telial stage, to perpetuate between seasons.  


1.2 Myrtle rust development in relation to host growth 


1.2.1 Background 


Myrtaceae species vary in their genotypic susceptibility to A. psidii (Pegg et al. 2014) and 


relatively few are severely impacted. However, it became clear during the first year myrtle rust 


was in New Zealand that Lophomyrtus spp. (ramarama and rohutu) and Metrosideros excelsa 


(pōhutukawa) had substantial susceptibility and could be under threat (Beresford et al. 2018).  


Even in the most susceptible genotypes, A. psidii can only infect young, newly emerged shoot, 


flower and fruit tissues. Leaves and stems develop ontogenic (developmental) resistance after 


emergence, which provides complete resistance to infection by the time leaves are fully 


expanded. It therefore follows that growth-mediated susceptibility causes seasonal fluctuations 


in disease risk by limiting infection to times of year when growth flushes occur. This is 


understood internationally, but only one previous study has attempted to quantify it (Tessman et 


al. 2001). Those researchers used the number of juvenile branches per tree as a causative 


variable when investigating factors associated with seasonal infection patterns.  


In order to quantify this aspect of myrtle rust epidemiology for New Zealand hosts, we took a 


quantitative approach to model leaf emergence rates as an index of tree susceptibility. The 


method has been employed for modelling leaf canopy development in crops (Kirby et al. 1985; 


Clerget et al. 2008) and uses measurements of leaf emergence over time and regression 


against thermal time (accumulated temperature; °C days).  
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1.2.2 Methods 


Leaf emergence was monitored on Metrosideros excelsa ‘Vibrance’ and Lophomyrtus x ralphi 


‘Red Dragon’ on five trees of each species between September 2017 and April 2019 at each of 


the following seven Plant & Food Research sites (site codes indicated): 


Mt Albert (Owairaka), Auckland   AK 


Pukekohe, Franklin     PK 


Te Puke, Bay of Plenty     TP 


Havelock North, Hawke's Bay    HN 


Palmerston North, Manawatu-Wanganui  PN 


Motueka (Riwaka), Tasman    MO 


Blenheim, Marlborough     BL 


 
The clonal trees were planted between September and October 2017. The PN plants were 


maintained in pots, re-potted in September 2018 and monitored only in 2018–19. Establishment 


of L. x ralphii in the first season was variable, which affected plant vigour at some sites. The 


M. excelsa plants at HN were frost damaged during winter 2018 and only the first year’s data 


were used. Monitoring at MO was only done in 2017–18 because the M. excelsa plants were 


killed by frost during winter 2018 and the L. x ralphii were damaged by flooding in February 


2018. Myrtle rust invaded the AK planting in the second season and monitoring was stopped in 


March 2019 because all the growing shoots on the two most vigorous plants had been killed. 


Myrtle rust was also found at PK in April 2019, but it did not interfere with the second season’s 


monitoring. Myrtle rust did not appear at the other sites during the study. 


Five shoots per tree on the five trees of each species at each site were monitored for the 


number of new nodes (leaf pairs) emerged every 2–4 weeks; more frequently during spring and 


summer and less frequently during autumn and winter.  


1.2.3 Results 


The number of leaf nodes emerged plotted against number of days since 1 July showed that 


emergence rates differed between the two species, as a result of their different growth habits 


(Figure 2). Emergence rate for L. x ralphii was about five times lower than for M. excelsa 


because the branching growth habit of L. x ralphii results in more side branches per tree, 


whereas M. excelsa produces fewer branches with more leaves per branch.  


Emergence rate also differed between sites and seasons (site-years) because of site factors, 


including establishment success, rainfall, irrigation and fertiliser application. Within each 


species, the leaf emergence rate for each site-year was categorised as either high or low 


vigour. 
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Figure 2. Emergence of stem nodes (leaf pairs) for Metrosideros excelsa and Lophomyrtus x 


ralphii at seven sites in 2017–18 and 2018–19. Sites were: Auckland (AK), Pukekohe (PK), Te 


Puke (TP), Havelock North (HN), Palmerston North (PN; 2018–19), Motueka (MO; 2017–18) and 


Blenheim (BL).  


 
For the high- and low-vigour categories separately, leaf emergence was plotted against thermal 


time (accumulated temperature in °C days) above base temperatures from 0–15°C. The 


optimum base temperature for explaining leaf emergence across all sites for each species was 


that at which no leaf nodes emerged when no degree days accumulated, i.e. the base 


temperature giving a regression intercept closest to zero (Figure 3). The optimum base 


temperature differed substantially between the two species but not within each species for low- 


or high-vigour site-years. For L. x ralphii, the optimum base temperature was 0°C and, for 


M. excelsa, it was 6–8°C.  
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Figure 3. Leaf node emergence modelled using thermal time (°C days) above various base 


temperatures (THT) for Metrosideros excelsa and Lophomyrtus x ralphii at seven sites in 2017–18 


and 2018–19. Site-years were categorised as either low or high vigour. 


1.2.4 Discussion 


The low- and high-vigour categories of leaf emergence rate for each species reflected a range 


from plants that hardly grew during a season to those that grew at close to the maximum rate 


for the species. The consistent difference in the optimum base temperature between the two 


species, irrespective of vigour, reflects differences in their climatic adaptation; L. x ralphii is 


adapted to colder climates and M. excelsa to warmer climates. M. excelsa was also very frost 


tender, as evidenced by the frost damage it suffered at HN and MO. 


The slope of the leaf node versus thermal time regression lines gives the average leaf 


emergence rate for a season. Although this averages over short-term growth flushes and 


ignores the effect of plant architecture on amount of susceptible tissue, it does provide an index 


of vulnerability to myrtle rust attack. When coupled with seasonal temperature (thermal time) 


and latent period it is possible to predict the relative risk of myrtle rust development in plant 


populations in different regions, as detailed below. 
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1.3 Modelling species vulnerability 


1.3.1 Background 


The effect of regional temperatures on the interaction between latent development and leaf 


emergence was modelled to identify whether some regions and seasons might favour plant 


growth over myrtle rust development. The finding that leaf emergence for L. x ralphii can occur 


down to 0°C, whereas for M. excelsa it cannot occur below about 7°C, and that latent 


development of A. psidii cannot occur below 10°C on both species suggests that such situations 


might exist. 


1.3.2 Methods 


Both the temperature dependent processes of leaf node emergence and A. psidii latency were 


stated as developmental rates, i.e. the proportion of each process completed each °C day. The 


emergence rate is the slope of the leaf emergence-thermal time regression and the latent 


development rate is the modelled LDR (Equation 1).  


These parameters were used with temperature data from Kerikeri and Motueka, which 


represent the northern and southern geographic limits of the myrtle rust range in New Zealand 


at the time of writing (6 May 2019). The slowest and fastest leaf node emergence rates for each 


species were used to represent high- and low-vigour situations. 


1.3.3 Results 


Emergence rates for both species peaked in February and were minimum in July (Figure 4). 


Although the maximum emergence rate in summer for both species was similar in Kerikeri and 


Motueka, the peak was short-lived in Motueka. Minimum rates were substantially lower further 


south because of the colder winter temperatures. In Motueka, the winter-minimum rate was zero 


for M. excelsa, but not for L. x ralphii.  


For L. x ralphii with high vigour in Kerikeri and Motueka, there was a period during winter and 


early spring (June–September) when latent development was slower than leaf emergence. The 


difference was much greater and more extended in Motueka because temperatures <10°C, 


which inhibit rust development, were more frequent.  


For M. excelsa, the opportunity for the plant to out-grow the rust arose in the high-vigour 


situation in Kerikeri, between July and September. Field temperatures allowed the differential 


between the 7°C limit for leaf emergence and 10°C limit for latent development to become 


important.  


For the low-vigour situation in both species, emergence rate during winter was so low there was 


no opportunity for leaves to emerge when rust was not developing. However, little rust would 


develop on such low-vigour plants anyway, because negligible susceptible tissue would be 


produced.
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Figure 4. Modelled daily development rates at Kerikeri and Motueka between July 2017 and April 2019 for 


leaf node emergence rate (LNER) in high- and low-vigour situations for Lophomyrtus x ralphii and 


Metrosideros excelsa and for latent development rate (LDR) for A. psidii. LDR graphs at a site are the 


same for both host species.  


1.3.4 Discussion 


The likelihood that temperature could differentially favour host growth over A. psidii development, 


allowing the host to out-grow the pathogen, would be greatest for L. x ralphii plants with high vigour 


in areas with winter mean temperatures below 10°C. Such temperatures occur in coastal northern 


South Island and southern North Island areas and at higher altitudes. For M. excelsa, the smaller 


differential between the minimum temperatures for growth (7°C) and A. psidii latent development 


(10°C) means there is a lower likelihood of the host out-growing the pathogen.  


In managed Myrtaceae plantings in New Zealand, risk of myrtle rust damage to species that are 


cold-temperature adapted may be reduced by fertilising and watering in autumn to encourage late 


season growth as temperatures decline and become unsuitable for A. psidii development. 


Conversely, avoiding fertiliser applications in spring could reduce risk by minimising the amount of 


susceptible plant tissue when warming temperatures in late spring favour rust development. 


Similarly, to reduce risk to young trees being planted for amenity purposes or site restoration, 


planting should be done in autumn while temperatures are still warm enough for growth, but are 


becoming too cold for the pathogen. This approach would be helped by removal of any A. psidii 


inoculum on existing Myrtaceae hosts in the area being planted. These disease management 


suggestions based on differential temperature responses for host and pathogen development are 


most likely to succeed in cooler southern and alpine areas where development of the pathogen is 


likely to be arrested by cool winter temperatures. They should be applied cautiously in warmer 


northern and coastal areas and are probably not appropriate in subtropical or tropical climates. 


They would apply less to high-temperature adapted Myrtaceae species. 


In the natural estate, plant vigour for these and other Myrtaceae species is generally likely to be 


low because of low soil fertility, shading by other plants and periodic water stress. In this situation 


myrtle rust is likely to be very damaging on susceptible hosts, especially in environments with high 


relative humidity. Although the small amount of young susceptible tissue available most of the time 


will mean myrtle rust is not often be noticeable, whenever temperatures are warm enough for new 


shoots to emerge, A. psidii , if present, will readily infect them. 
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This study has not considered the effect of pathogen multiplication via infection and re-sporulation 


on the interactions between pathogen and host development rates. Even if winter rates of rust 


development were slower than rates of leaf emergence, rust could still have a devastating effect if 


infection and sporulation rates are high when temperatures increase in spring. Infection and 


sporulation processes are driven by moisture, temperature and host susceptibility. How these 


processes, relative to the host growth and pathogen development processes addressed in this 


study, interact in the New Zealand environment needs to be understood through further research. 
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Executive summary 


Native New Zealand plant species (pōhutukawa, mānuka, rawiri mānuka and kānuka) were 


susceptible to the South African strain of Austropuccinia psidii.  


The level of susceptibility and resistance varied both within the plant hosts and between the 


species tested. 
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1 Recommendations 


1. The need to continue vigilance at the border to prevent any further introductions of A. psidii 


strains is essential, and efforts to assist in preventing the spread internationally are 


recommended. 


2. Control or management tools should be developed for the pandemic biotype of A. psidii as 


well as other strains of A. psidii, where possible. 


3. Conservation of New Zealand’s germplasm is critical, in view of the variation in 


susceptibility within species. This should be undertaken at an individual plant level (family), 


rather than at a province level, to detect and prevent deployment of highly susceptible 


families. 


2 Introduction 


The pandemic biotype is one of at least nine different strains of Austropuccinia psidii that are 


known to cause disease on Myrtaceae both within the pathogen’s native host region (South 


America) and internationally (Graca et al. 2011; Stewart et al. 2017; Zhong et al. 2011) (Figure 1). 


Whilst the pandemic biotype has caused the most devastation, other strains such as the one 


affecting Eucalyptus spp. in Brazil and Uruguay (Coutinho et al. 1998; Pérez et al. 2014) and the 


new strain found in South Africa infecting both native and introduced Myrtaceae species (Roux et 


al. 2016), are considered high risk biosecurity threats. The introduction of other strains such as 


these to New Zealand could create further issues by either expanding the susceptible host range of 


New Zealand Myrtaceae to A. psidii or by sexually recombining with the pandemic biotype, already 


present, to create strains with greater virulence.  


Given the rapid global dispersion of the pandemic biotype, an understanding of the level of 


susceptibility of Myrtaceae species in New Zealand to other strains of A. psidii is essential to future-


proof against any further introduction.  The objective of this study was to screen seed collected 


from natives species of New Zealand Myrtaceae against overseas strains of A. psidii that are not 


currently present in New Zealand.  


 


Figure 1. Global distribution of Austropuccinia psidii and the year the pathogen was first recorded in 


different countries or regions. 


3 Methods and materials 


Seeds from four plant species: Metrosideros excelsa (pōhutukawa), Leptospermum scoparium 


(mānuka), Kunzea linearis (rawiri mānuka) and Kunzea robusta (kānuka), were collected from four 


different locations in the North Island, from individual plants. Appropriate permissions (i.e. mana 
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whenua, landowner) were obtained to collect the seed. The seeds were sent to South Africa where 


they were germinated and grown to a size appropriate for screening.  Two sets of seedlings from 


the same seed lot were germinated for inoculation in two separate experiments.  In the first 


inoculation there were 131 plants and 159 in the second inoculation (Table 1). 


Table 1. Species and number of seedlings inoculated with the 


South African strain of Austropuccinia psidii. 


Host species 
Number of seedlings 


Inoculation 1 Inoculation 2 


Rawiri mānuka 4 13 


Kānuka 28 32 


Mānuka 62 89 


Pōhutukawa 37 25 


Total 131 159 


 
The seedlings were inoculated against the South African strain of A. psidii using the protocol 


described by Roux et al. (2016). After inoculation, seedlings were kept in the dark for 24 hours, to 


facilitate the infection, before being moved to a glasshouse where they were maintained at 


approximately 25°C. Seedlings were assessed daily for uredinospore development and scored up 


to 14 days post-inoculation. Disease severity was assessed using the rating scales from Junghans 


et al. (2003) and another unpublished scoring system developed by Geoff Pegg, which was based 


on the percentage of the leaf affected. 


Seed from the same seed lots that were sent to South Africa were sent to Uruguay for testing 


against the strain of A. psidii that has caused problems in Eucaplytus spp. in South America 


(Photo 1). Seed will be germinated, inoculated and screened once border inspections have been 


completed. This strain has caused problems in eucaplyts in South America and is different from the 


strains present in New Zealand and South Africa. 


 


Photo 1. Eucalypt leaves infected with Austropuccinia 


psidii in Uruguay. 
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A third set of seed from the same seed lots was sent to Australia. Delays in testing because of  a 


review of the import permit conditions by the Australian Federal Government Department of 


Agriculture and Water Resources (DAWR) (see Topic 1.1— Identification of native and important 


exotic host species susceptibility to myrtle rust, including variability within species) have delayed 


assessing these seeds against the pandemic biotype using the same inoculation and assessment 


protocols as described above. 


4 Results and discussion  


All species were able to be infected with the South African strain of A. psidii but there was variation 


within each species in susceptibility (Figure 2). The screening assay showed that all four plant 


species could be infected by A. psidii but it gives no indication if these plants would die from the 


disease. Plants would need to be left for a longer period of time to determine this and this was 


outside the scope of the project. 


 


Figure 2. Percentage of seedlings with yellow myrtle rust lesions 7 and 14 days after inoculation 


with the South African strain of Austropuccinia psidii for four Myrtaceae plant species: Kunzea 


linearis (rawiri mānuka), Kunzea robusta (kānuka), Leptospermum scoparium (mānuka), and 


Metrosideros excelsa (pōhutukawa).  


Pōhutukawa was the most susceptible species tested. Considering the iconic status of pōhutukawa 


in New Zealand, this result is concerning. The high level of infection (close to 100% in the first 


inoculation) of seedlings means the level of resistance in this host is likely to be low. However, 


variation in the level of tolerance (degree of infection within a host) could provide mechanisms for 


pōhutukawa trees to survive infection. Myrtle rust infection occurs in the new flush (new stems or 


leaves) of trees and not in older plant material (Coutinho et al. 1998), so mature trees would be 


expected to be more tolerant to this pathogen given the level of older material present within the 


canopy.  Conversely, if this strain of A. psidii were to establish in New Zealand, it could have an 


effect on the regeneration of pōhutukawa, especially in areas that had optimal conditions for  this 


disease. For seedlings, the majority of material is new growth that would be vunerable to this 


pathogen.  


Mānuka was also susceptible but lesions took slightly longer to develop on the plants than for the 


pōhutukawa. Of particular concern was that some of the mānuka seedlings were flowering and 


these became infected. Further work would be required to determine how susceptible flowers from 


a vareity of different genotypes were to this strain of A. psidii and if this strain were to establish in 


New Zealand, whether flowers across the country would become infected. Regardless, these 


findings are concerning for natural regeneration of this species as well as the potential effect on 


mānuka-based indsutries such as the oil and honey industries. 
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The sample size of rawiri mānuka was small but showed it was also susceptible. Rawiri mānuka 


has a limited distribution from Northland through to Waikato and is a threatened species (de Lange 


2014). The introduction of another strain of A. psidii  could have serious consequences for the 


survival of this species, especially as the host range extends across regions of New Zealand that 


have been predicted to be suitable for myrtle rust and/or where the pandemic biotype has already 


established. 


Kānuka was the most resistant of the four species tested with no seedlings at 7 days showing 


infection and just over 10% of seedlings infected at 14 days post-inoculation.  


These results provide an indication of the genetic susceptibility or resistance of the plant species 


tested, what is lacking is the effect of the environment. The inoculations were completed in 


glasshouses under optimal environmental conditions for the pathogen to infect the plant and 


produce uredinospores (yellow pustles). If this pathogen were to establish in New Zealand, 


environment factors such as temperature, humidity and rain could all have an effect on disease 


establishment and development.  


Testing seedlings germinated from the same seed lots as those inoculated in South Africa has not 


yet been completed in Australia against the pandemic biotype nor against the strain of A. psidii that 


has affected Eucalyptus spp. in Uruguay. For all three experiments the same screening and 


assessment methods have been used to allow direct comparison of the susceptibility of these seed 


lots to three different strains of A. psidii. This will provide information on whether New Zealand 


Myrtaceae may be more susceptible or resistant to different strains. 


New Zealand Myrtaceae species are susceptible to the South African strain of A. psidii and this 


work highlights the need to continue national and global efforts to prevent the spread of other 


strains worldwide. Whilst the focus in New Zealand is now on disease management of the 


pandemic biotype of A. psidii, continued monitoring of this pathogen in New Zealand is essential so 


if other strains were to be introduced they could be eradicated, if detected early enough, or to 


change management plans for combatting this disease.  The need to ensure any control or 


management tools developed are future-proofed against other strains of A. psidii, where possible, 


is paramount, as is the need to conserve New Zealand’s unique Myrtaceae germplasm. 
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Executive summary 


A literature review revealed a range of genetic markers associated with resistance to 


Austropuccinia psidii, the myrtle rust pathogen in a range of exotic Myrtaceae species. These 


markers should be investigated to determine their usefulness to understand the genetic basis of 


pathogen resistance in New Zealand’s native Myrtaceae species.  


1 Recommendations 


1. The identification of polymorphic single nucleotide polymorphisms (SNPs) in regions of the 


genome homologous to those in which markers have been associated with variation in 


resistance in other eucalypts provides a significant step toward identifying genetic markers 


for myrtle rust resistance in both Eucalytpus nitens and mānuka.  


2. The EuCHIP60K genotyping tool for Eucalyptus, in combination with phenotyping for rust 


resistance, could be used to rapidly identify genetic markers for resistance in E. nitens 


based on those discovered in other species in the eucalypt group (Eucalyptus and 


Corymbia). The genomic data could then be used to predict the level of resistance in trees 


without phenotyping. 


3. The genetic markers designed for mānuka should be screened over DNA samples from the 


seedlings inoculated with A. psidii. Marker-trait association should then be undertaken to 


verify the linkage between the Ppr1 locus and resistance to A. psidii in mānuka.  


4. We recommend expanding the study to cover the full genome of host species as additional 


resistance loci other than Ppr1 could be found on other chromosomes. Genetic markers 


linked to these loci will then be useful for efficient selection of Myrtaceae seedlings carrying 


resistance to A. psidii. 


2 Introduction 


Eucalyptus trees with resistance to myrtle rust (Austropuccinia psidii) strains present in Brazil 


have been developed using breeding and molecular systems since the 1970s and are grown 


commercially. Genetic loci associated with resistance have been identified in Eucalytpus 


grandis in Brazil and in other Eucalypt species in Australia. Knowledge of the genetic control of 


resistance to myrtle rust is essential for establishing breeding strategies involving conventional 


as well as marker-assisted selection of resistance genes into breeding populations. A literature 


review of genetic resistance to A. psidii was performed to inform us about the potential genetic 


structure of resistance in Myrtaceae species (Table 1). Most studies on the genetic control of 


tolerance to myrtle rust have focused on Eucalyptus species (including E. globulus, E. grandis, 


E. urophylla, E. pellita and interspecific hybrids). Trait mapping was achieved in segregating 


populations, using linkage mapping with resistance treated as a single Mendelian locus 


(Junghans et al. 2003, Mamani et al. 2010), quantitative trait locus (QTL) mapping (Butler et al. 


2016, Rosado et al. 2010) and a genome-wide association study (GWAS; Resende et al. 2017). 


Additional GWAS and QTL studies have been conducted in E. globulus and Corymbia spp., 


respectively, and will be published soon.  Some papers reported on the heritability and 


segregation of myrtle rust resistance in breeding populations (Teixeira et al. 2009, Santos et al. 


2014, Miranda et al. 2012, Alves et al. 2012); however, they do not indicate what loci are 


involved, their location in the genome or the magnitude of their effect. More recently, 


transcription studies have highlighted differential expression in resistant versus susceptible 


individuals in Melaleuca quinquenervia and Szygium luehmannii (Hsieh et al. 2018; Tobias et al. 


2018). 
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The first locus detected for resistance to myrtle rust was derived from E. grandis: Ppr1 for 


Puccinia psidii (the prior taxonomic name for the pathogen) resistance 1 (Junghans et al. 2003). 


Ppr1 was further confirmed and mapped to Eucalyptus chromosome 3 (Mamani et al. 2010). 


Alves et al. 2012 provided evidence for a complex genetic control of resistance in interspecific 


hybrids, detecting a locus in the same genomic region as Ppr1 as well as additional loci for 


resistance on chromosomes 1, 2, 5, 6, 7, 9 and 10 with evidence for both additive and epistatic 


interactions between loci. They suggested Ppr1 could be interacting with other loci with epistatic 


interactions. A genome-wide association study (GWAS) analysis detected markers associated 


with myrtle rust resistance on chromosome 3 using a population of interspecific hybrids, which 


could also correspond to Ppr1 or an allele of Ppr1. Rosado et al. 2010 also found a QTL on 


chromosome 3 using a E. grandis x E. urophylla population.  


3 Review of infection and phenotyping methods 


Two methods were used for assessing Eucalyptus plants for their tolerance to myrtle rust: 


natural infection (Miranda et al. 2013; Teixeira et al. 2009) and inoculation from single pustule 


isolates (all others). The most commonly used methods are those developed by Junghans et al. 


(2003) and Pegg, Brawner, and Lee (2014). In brief, young seedlings are grown for 4–5 months 


in a greenhouse and then sprayed with a solution of fungal spores obtained from a single 


isolate. The reaction is then scored 12 days after inoculation using a scale indicating the size of 


new pustules or a hypersensitive resistance response from the host plant. This will vary 


depending on species. In a recent study (not yet published), Pegg scored seedlings 20 and 25 


days after inoculation, in Corymbia and E. globulus, respectively, because E. globulus took 


longer to show symptoms (J. Freeman, pers. comm.). The inoculation method is preferable to 


natural infection because the host-pathogen interactions may involve gene-for-gene 


relationships. Natural infection may occur by exposure to a mix of isolates and polymorphic 


pustules making it difficult to detect gene-for-gene interactions. 


4 Review of type of genetic markers 


Junghans et al. (2003) used random amplified polymorphic DNA (RAPD) markers, Butler et al. 


(2016) used diversity array technology (DArT) markers and Resende et al. (2017) used single 


nucleotide polymorphism (SNP) markers. All other studies used simple sequence repeats 


(SSR). RAPD are not a marker of choice as they are not reproducible between populations like 


the other types of markers. SSR are a suitable type of marker; however, they are not as high 


throughput as SNPs or DArT. 


5 Review of detected loci 


The first locus detected for resistance to myrtle rust was derived from E. grandis: Ppr1 for P. 


psidii resistance (Junghans et al. 2003). Ppr1 was further confirmed and mapped to Eucalyptus 


chromosome 3 (Mamaní et al. 2010). Alves et al. (2012) provided evidence for a complex 


genetic control of resistance in interspecific hybrids, detecting a locus in the same genomic 


region as Ppr1 as well as additional loci for resistance on chromosomes 1, 2, 5, 6, 7, 9 and 10 


with evidence for both additive and epistatic interactions between loci. They suggested Ppr1 


could be interacting with other loci with epistatic interactions. A GWAS analysis detected 


markers associated with myrtle rust resistance on chromosome 3 using a population of 


interspecific hybrids, which could also correspond to Ppr1 or an allele of Ppr1. Rosado et al. 


(2010) also found a QTL on chromosome 3 using a E. grandis x E. urophylla population. Four 


new QTL different from Ppr1 and named Ppr2 to Ppr5 were detected in E. globulus on 


chromosomes 3, 7, 6 and 9 (Butler et al. 2016), providing further evidence of the complexity of 


the genetic basis of resistance to myrtle rust. We recommend that the genomic region 
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orthologous to the Ppr1 locus from E. grandis and confirmed in Eucalyptus hybrids should be 


the target of initial genetic marker development to test if this region is associated with resistance 


in other species, such as E. nitens (used for breeding at Scion) and mānuka. 


6 Review of genomics resources for Myrtaceae 


When undertaking comparative marker discovery work, such as proposed in this programme, 


access to genomic resources is of huge value. Despite the global importance of myrtles as 


commercial and iconic indigenous species, it appears relatively few genome assemblies for 


Myrtaceous species are available in the public domain. One of the first high quality genome 


assemblies to be completed in forest trees, the genome of E. grandis, is now in a second draft 


(Myburg et al. 2014). Of interest to New Zealand researchers will be the Metrosideros 


polymorpha genome published in 2016 (Izuno et al. 2016). The indigenous Hawaiian name for 


M. polymorpha is Ohi’a and it is a close relative of New Zealand’s own pōhutakawa. Like 


pōhutakawa, Ohi’a is highly susceptible to A. psidii, which causes the disease  Ohi’a Rust in 


Hawaii.  Two other publically available genomes are for crape myrtle (Lagerstroemia indica) 


(Wang et al. 2015) and Eucalyptus camaldulensis (Hirakawa et al. 2011). 


Other genome assemblies close to public release include: high quality assemblies in mānuka 


(Leptospermum scoparium) from the New Zealand Institute for Plant and Food Research 


Limited, and Corymbia citriodora ssp. variegata (Shepherd et al. 2016). Additional genome 


projects in various stages of completion include: Melaleuca alternifolia from Meryn Shepherd 


(Calvert, et al. 2018) and E. globulus (Rigault et al. 2012).  In addition, Scion has skim 


Genotype-By-Sequence data sets, as yet unassembled, for E. nitens, E. fastigata and E. 


regnans, the three most commercially significant eucalypts in New Zealand. 


Another notable genomic resources is the EuCHIP60K utilising the Illumina Infinium technology 


(Silva-Junior et al. 2015). This SNP Chip was designed to capture polymorphisms in 12 species 


of eucalypts as well as a single Corymbia species. We have successfully utilised this resource 


to genotype a number of eucalypts. Markers already genotyped within our eucalypt genomics 


selection programme will be investigated for polymorphic loci within close proximity to the 


resistance QTL of interest. 


7 Marker development for the Ppr1 locus in 


E. nitens 


Based on the literature review, we recommended that the genomic region orthologous to the 


Ppr1 locus from E. grandis and confirmed in Eucalyptus hybrids should be the target of initial 


genetic marker development to test if this region is associated with resistance in other species, 


such as E. nitens (used for breeding at Scion) and mānuka. 


Two genomics experiments using material from within the New Zealand E. nitens breeding 


programme and genotyped with the EuCHIP60K (Silva-Junior et al. 2015) were examined for 


the numbers of markers collocating to specific Myrtle rust resistance loci reported in the 


literature.  


The first experiment was a pilot study looking at parentage reconstruction in New Zealand 


breeding orchards for E. nitens (Telfer et al. 2015). The second was a larger genomic selection 


experiment across 72 E. nitens families being progeny tested for wood quality traits (Klápště et 


al. 2018). 


Chromosome 3 of the E. grandis v1.0 genome was downloaded in FASTA format from the 


European Nucleotide Archive (KK198755). The E. grandis v2.0 genome was downloaded in 
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FASTA format from Phytozyme. The v1.0 and v2.0 sequences for chromosome 3 were aligned 


using Mauve. There were minimal changes in the v1.0 and v2.0 sequences; however, the 


assembly of the sections of the chromosome was quite different. Large sections of sequences 


were located in different areas, and orders, along the chromosome, with some also undergoing 


reversal of orientation (Bartholomé et al. 2015). Because of this reorganisation of large sections 


of sequence, in order to map the SNP regions between v1.0 and v2.0, we used the section 


boundaries to investigate SNPs within QTL loci. 


The Ppr1 region of interest from Resende et al. (2017) was a QTL region covering the 


sequence 54520115 – 59692264 on v1.0 of the genome. This was with a section on the v1.0 


genome (51190772 – 60664100) that aligned as a complete block to a section of the same 


length on the v2.0 genome (55057630 – 64530958). Any SNP within this region on the 


EucSNPCHIP 60K therefore can be mapped to the v2.0 genome position by adding the offset of 


3866858 to the v1.0 genome position. 


The remaining (QTL) loci were all identified based on the v2.0 genome. As for the Ppr1 region, 


they were all identified within sections of the v2.0 genome that aligned to the v1.0 genome as 


discrete blocks. However, most of these were not of equivalent length between the v1.0 and 


v2.0 genome sequences, and some were also of the opposite orientation, therefore mapping 


within these regions was not quite so straight forward. For regions of equivalent length, but 


opposite orientation, a simple transformation could be performed to determine the v1.0 position. 


For those with different lengths, substring searches within the v1.0 section for a 200bp 


sequence (100bp either side of the SNP) were performed to determine the v1.0 position 


(Table 2) 


For the QTL that were identified on the v2.0 genome, we were interested in finding all SNPs 


from the E. nitens EucSNP chip 60K within 1Mbp either side of the QTL peak  that were 


polymorphic in the 96 parents. Because of the high degree of reorganisation of the v2.0 


assembly versus the v1.0 chromosome, the boundaries of the discrete sequence block were 


used to search for all SNPs. The SNPs within the v1.0 range of the aligned block were isolated 


from the parent EucSNP chip results and any polymorphic SNPs were mapped back to the v2.0 


genome position using the methods described above (Table 3). 


8 Marker development for the Ppr1 locus in 


mānuka and E. nitens 


The genomic regions orthologous to the Ppr1 locus were identified in the mānuka genome 


assembly. A Blastn search for SSR from Mamadi et al. (2010) were performed on the mānuka 


genome assembly pseudo-chromosomes. Genetic markers were designed within these regions 


using the High Resolution Melting (HRM) technique.  A total of nine PCR primer pairs were 


designed and screened in mānuka DNA samples (Table 4). Testing of genetic markers linked to 


Ppr1 in mānuka was done using PCR and HRM. The markers successfully amplify PCR 


products and are polymorphic in the tested accessions. However, we now need phenotypic data 


to compare the marker profiles with resistance/susceptibility. 
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Table 1. Potential genetic structure of resistance to Austropuccinia psidii in Myrtaceae species described in the literature 


Title Author Year Species Inoculation method Isolate 
Type of 
analysis 


Population 
type and size 


#loci 
detected 


% variance 
phenotypic 
explained 


Chr list 
Marker 


type 


Genetic mapping provides evidence for 
the role of additive and non-additive QTLs 
in the response of inter-specific hybrids of 
Eucalyptus to Puccinia psidii rust infection 


Alves et 
al.  


2012 
Interspecific 
Eucalyptus 


inoculated with a single 
pustule isolate of Puccinia 


psidii and evaluated 20 days 
after inoculation 


UFV-2 


Segregation for 
resistance in 
families and 


QTL mapping 


Several pop of 
varying size 


1 + 3 
epistatic 


QTLs 
11% 


chr3 + 
chr1, 2, 5, 
6, 7, 9, 10 


Microsa
tellites 


Evidence for different QTL underlying the 
immune and hypersensitive responses of 
Eucalyptus globulus to the rust pathogen 
Puccinia psidii 


Butler et 
al. 


2016 E. globulus Described in Pegg 2014 QTL mapping 
F2 218 


seedlings 


4 loci 
(Ppr2 to 
Ppr5) 


6.9 to 
27.2% 


3, 7, 6, 9 
Microsa
tellites 


Heritability for resistance to Puccinia psidii 
Winter rust in Eucalyptus grandis Hill ex 
Maiden in Southwestern Brazil 


Miranda 
et al. 


2012 E. grandis Natural infection  
Segregation for 
resistance and 


heritability 


OP populations 
from 


provenances 
na na na na 


Few Mendelian genes underlie the 
quantitative response of a forest tree, 
Eucalyptus globulus, to a natural fungal 
epidemic 


Freeman 
et al. 


2008 E. globulus Natural infection  QTL mapping 
and validation 


3x F2 
populations 


5 loci 6.2 to 36% 1, 2, 3, 7, 8 
Microsa
tellites 


Resistance to rust (Puccinia psidii Winter) 
in Eucalyptus: mode of inheritance and 
mapping of a major gene with RAPD 
markers 


Junghans 
et al. 


2003 E. grandis Glasshouse inoculation 


Several 
isolates 
used on 
parent 


Linkage 
mapping 


11x full sibs 
families 


1 locus 
(PPpr1) 


Mendelian 
locus 


3 RAPD 


Positioning of the major locus for Puccinia 
psidii rust resistance (Ppr1) on the 
Eucalyptus reference map and its 
validation across unrelated pedigrees 


Mamani 
et al. 


2010 E. grandis 


inoculated with a single 
pustule isolate of Puccinia 


psidii and evaluated 20 days 
after inoculation 


UFV-2 
Linkage 
mapping 


same as 
Junghans et al. 


2003 


2 locus 
(PPpr1) 


Mendelian 
locus 


3 
Microsa
tellites 


Regional heritability mapping and 
genome-wide association identify loci for 
complex growth, wood and disease 
resistance traits in Eucalyptus 


Resende 
et al. 


2017 
Interspecific 
Eucalyptus 


same as Junghans et al. GWAS 
Hybrid breeding 


population of 
768 trees 


1 locus 
(PPpr1?) 


4.10% 3 SNP 


Detection of QTL associated with rust 
resistance using IBD-based 
methodologies in exogamic Eucalyptus 
spp. populations 


Rosado et 
al. 


2010 
E. granis x 
urophylla 


inoculated with a single 
pustule isolate of Puccinia 


psidii and evaluated 20 days 
after inoculation 


UFV-2 QTL mapping 
F1 population s 


131 indv 


1 locus 
(allelic to 
Ppr1?) 


37% 3 
Microsa
tellites 


Resistance of Eucalyptus pellita to rust 
(Puccinia psidii) 


Santos et 
al. 


2014 E. pellita same as Junghans et al. Segregation 4x F1 families na na na na 


Análise da herança da resistência a 
Puccinia psidii em progênies de híbridos 
interespecíficos de eucalipto avaliadas 
sob condições naturais de infecção 


Teixeira 
et al. 


2009 
Interspecific 
Eucalyptus 


Natural infection  Segregation 15x progenies na na na na 


Note: Puccinia psidii is the previous taxonomic name for Austropuccinia psidii and is now a synonym.  
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Table 2. Location of markers genotyped in E. nitens that collocate with myrtle rust resistance in E. grandis genome assemblies V1 and V2. 


Locus SNP_ID Range Name 1Location V1 2Location V2 3Orientation 


E. globulus Qmyco5 12316 - 12550 
EuBR03s16468115 
EuBR03s18565224 


16465124-18578014 16880084-18993283 + 


E. globulus Sosr3 13246 - 13876  
EuBR03s27576929 
EuBR03s31513597 


27576273-31528258 27580465-31532450 - 


E. globulus Ppr2 QTL 14290 - 15085 
EuBR03s35426530 
EuBR03s42394462 


35402671-42430585 36436850-43464964 + 


CCV4 Rust_CT18 14290 -15085 
EuBR03s35426530 
EuBR03s42394462 


35402671-42430585 36436850-43464964 + 


E. grandis Ppr1 GWAS 16390 EuBR03s56400715 56400715 60267573 + 


E. grandis Ppr1 QTL 16244 - 16706 
EuBR03s54520115  
EuBR03s59692264 


54520115-59692264 58386973-63559122 + 


E. globulus Qmyco8 17532 - 17823 
EuBR03s69554620 
EuBR03s72357392 


69550806-72366047 74628063-77443304 + 


CCV4 QSB1_CT18 17976 - 18152 
EuBR03s74358083 
EuBR03s75855829 


74341305-75884442 82408840-83952244 - 


1 Location of SNP within the E. grandis Chromosome 3 Version 1 assembly 
2 Location of SNP within the E. grandis Chromosome 3 Version 2 assembly 
3 Orientation section delineated by the SNP markers in the V2 assembly compared to the V1 assembly 
4 CCV = Corymbia citriodora ssp. Variegate. 
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Table 3. Summary of markers genotyped in E. nitens that collocate with myrtle rust resistance in other Myrtaceae. 


Locus Reference Number of marker % captured % polymorphic SNP_ID range 


E. globulus Qmyco5 Butler et al. 2016 235 94 38 12316 - 12550 


E. globulus Sosr3 Butler et al. 2016 410 90 48 13426 - 13876 


E. globulus Ppr2 QTL Butler et al. 2016 796 88 28 14290 - 15085 


CCV2 Rust_CT18 Butler et al. in prep 638 89 23 14290 -15085 


E. grandis Ppr1 GWAS Resende et al. 2017 1 100 100 16390 


E. grandis Ppr1 QTL Resende et al. 2017 411 87 38 16244 - 16706 


E. globulus Qmyco8 Butler et al. 2016 249 91 30 17532 - 17823 


CCV2 QSB1_CT18 Butler et al. in prep 145 91 25 17976 - 18152 


 


 


Table 4. PCR primer pairs designed and screened in mānuka DNA samples. 


Marker name Locus targeted Location in mānuka genome Forward primer Reverse primer 


Ls3_6.03 Ppr1 Chr 3 - 6.03 Mb GTCCCAAATTTGTTGAGCA GTATTGACGGCTCCTCCTGA 


Ls3_6.04 Ppr1 Chr 3 - 6.04 Mb TGTCTGCCTTAGGGACTTCG TGGTAAAGCTGCAGTTCGAG 


Ls3_6.05 Ppr1 Chr 3 - 6.05 Mb AAGGTCACCCCTTGATTTCC CGCTATGGCCTCGATAAGTT 


Ls3_6.13 Ppr1 Chr 3 - 6.13 Mb CGATGTCACACGGAAAAATG ATTAGGCTCCTGGCAAGTCC 


Ls3_6.12 Ppr1 Chr 3 - 6.12 Mb AAAGGGCCTATTTCCTCTGC TGTTTGCAAAGGGTCTTTCTC 


Ls3_6.09 Ppr1 Chr 3 - 6.09 Mb AAGAAACTCCCGCCAAACTC CTCCGATTCCACTCCCAAT 


Ls3_6.49 Ppr1 Chr 3 - 6.49 Mb AGCTAGCCCACAACCAGAAA TGTGTATGCATTTAGACACGTGAG 


Ls3_6.60 Ppr1 Chr 3 - 6.60 Mb AGCGTCACAAGTCCAGCTCT GCTGTCAATCCAGCTGTCAA 


Ls3_6.69 Ppr1 Chr 3 - 6.69 Mb CAGCGGAAGGAACCAATAGA TGTTTTTGAGAGCCAAGACG 
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Executive summary 


Plant resistance to disease is known to be modulated by the microbial endophytes, collectively 


termed the endomicrobiome, that are resident within their tissues. For the New Zealand 


Myrtaceae it was unknown whether microbial community-related fitness phenotypes existed. In 


other countries it has been shown that new season’s growth is significantly less resistant to 


infection by the pandemic biotype of Austropuccinia psidii. Thus, the hypothesis tested in this 


work was that last season’s growth would have a different endomicrobiome when compared 


with new season’s growth and that endophytes found in last season’s growth would be 


antagonistic towards rust spores.   


The research focused on characterising the foliar endomicrobiome of Lophomyrtus bullata 


(ramarama), Leptospermum scoparium (mānuka) and Metrosideros excelsa (pōhutukawa), 


Myrtaceae that are infected by A. psidii. A live collection of 867 microbial endophytes was 


created of which 71% were fungi and 29% were bacteria. Of these 53%, 41% and 6% were 


from mānuka, pōhutukawa and ramarama, respectively.  As some endophytes are not able to 


be cultured outside of a live host this work was complemented by amplicon sequencing to 


characterise both the unculturable and culturable endophytes. The results from both 


approaches showed that host, tissue type and tissue age were major drivers of the community 


structure. This is the first study to characterise the endomicrobiome of pōhutukawa, the first to 


compare two Myrtaceae and the first to show that the foliar endomicrobiome of new foliage is 


dynamic, changing within a season.  


An in vitro assay was developed to assess the ability of microbial endophytes to inhibit the 


germination of rust spores in comparison to a fungicide control. The results showed that the 


endomicrobiome of mānuka and pōhutukawa contained bacteria that were antagonistic towards 


germination by rust spores, to an equivalent level as the fungicide control. This provides a 


potential mechanism by which older foliar tissues are less susceptible to myrtle rust infection. 


However, this assay was tested on the proxy poplar rust and further validation on A. psidii is 


required. 


Collectively, based on the observation that new growth and young plants are worst affected by 


the A. psidii infection, the findings that there are differences in the endomicrobiome according to 


tissue age, and the fact that there are bacterial endophytes antagonistic to rusts in last season’s 


growth, support the possibility that there is a role for the microbial community in tolerance to 


A. psidii.  


 


Recommendations 


1. The ability of isolates within the curated collection to inhibit myrtle rust needs to be fully 


tested 


2. That the microbial community within those plant genotypes with greater resistance to 


myrtle rust is characterised 


3. That the taxa vertically transmitted by the seed of resistant plant genotypes is 


determined along with their survival during seed banking. 
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1 Introduction 


Plants are metaorganisms, forming associations with a large number of microorganisms. Those 


microorganisms that live within the plant are termed endophytes and collectively they form the 


plant endomicrobiome. The plant endomicrobiome has been formed during a process of joint 


evolution and selective pressure (Hassani et al. 2018) and it is known to have a significant role 


in plant growth, physiology and health (Porras-Alfaro & Bayman 2011). Research has 


demonstrated that key members of the plant endomicrobiome can help the plant defend itself 


against pathogens.  


Recent work has demonstrated a functional role for endophytes in the myrtaceous species 


mānuka (Wicaksono et al. 2017a, 2017b) and demonstrated that deliberate inoculation with key 


taxa can modify plant growth, metabolite profile and disease resistance. For mānuka, 


endophyte communities are strongly driven by tissue type and vary between seedlots. Thus, the 


microbiome imparted to the seedlings through vertical or horizontal transmission may correlate 


with the resistance status of plants.  Work done internationally has shown that endophytes can 


mediate resistance against poplar (Busby et al. 2016) and pine blister rust (Ganley et al. 2008), 


providing support for endophytes to play a long-term role in the effective management of myrtle 


rust. 


The goal of this work was to characterise the complete (both culturable and unculturable) 


microbial community profiles of pōhutukawa, ramarama and mānuka. In parallel with microbial 


community analysis, a curated collection of culturable microbial taxa was generated from the 


foliage of the tolerant last season’s growth and the susceptible new season’s growth. The 


antifungal potential of key taxa was determined through in vitro assays as a first selection 


criteria. This information, combined with new understanding of plant genetics, provides 


knowledge to help protect Myrtaceous species from myrtle rust.  


2 Methodology 


2.1 Sample collection 


The project team selected three Myrtaceous species that are hosts of the myrtle rust disease as 


the subjects for research to discover the diversity of their endophytic microbial communities. 


These were Lophomyrtus bullata (ramarama), Metrosideros excelsa (pōhutakawa) and 


Leptospermum scoparium (mānuka).  The rationale for this choice was that they represented a 


highly susceptible species, a species that produced an iconic floral display and one that is an 


emerging economic strength for New Zealand, respectively. Connection was made with mana 


whenua in four sites to facilitate collection of material. We sincerely acknowledge and 


appreciate the help from Hone Ropata, Aleise Puketapu and Alby Marsh who undertook this. 


Plant material was collected from Auckland, Bay of Plenty, Taranaki and Canterbury. At each 


site twigs from healthy specimens of each species (where available) were sampled. Each twig 


contained previous and current season’s growth. Fewer samples of ramarama were obtained 


because of the overwhelming infection in the North Island observed in the spring. Samples of 


stems and leaves were collected for isolation of live organisms and for characterising the total 


microbiome by molecular methods (Figure 1).  
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Figure 1. Examples of the leaves and 


stems of Metrosideros excelsa 


(pōhutakawa), Lophomyrtus bullata 


(ramarama) and Leptospermum 


scoparium (mānuka) from which 


microbial endophytes were recovered. 


 


2.2 Recovery and identification of live cultures 


Culturable microorganisms recovered from the leaves and stems can be used to undertake 


bioassays to understand whether they can contribute to the ability of the host plant to resist 


myrtle rust. Thus, a curated collection of culturable microorganisms, representative of the 


diversity in the host plants, was established.  


Twigs were collected to have leaves and stems from different life groups (old and new growth). 


Leaves and stems of old (last season) and new (current season) growth for each plant at each 


site were surface sterilised, bisected across the mid rib and plated onto semi-selective media to 


recover a range of endophytic fungi and bacteria. To ensure a similar frequency of recovered 


microorganisms from the leaves, which varied substantially in size (Figure 1), different numbers 


of leaves were plated per species. Per twig these were a single leaf for pōhutakawa, two for 


ramarama and nine for mānuka. Emerging cultures were purified and identified by sequencing a 


portion of the ribosomal DNA. Isolation of endophytic microorganisms was done within a week 


of receiving the samples. 


2.3 Amplicon sequencing 


Only a small proportion of endophytic microorganisms can be recovered into live culture. Thus, 


the live curated collection represented only a small portion of the total community of 


microorganisms living inside the target host plants. To characterise the complete community of 


microorganisms resident within the foliage, amplicon sequencing was used. Because of the 


difficulties in obtaining sufficient material from ramarama, only pōhutakawa and mānuka were 


used for amplicon sequencing.  


DNA was extracted from surface sterilised leaves and stems and enriched for endophyte DNA.  


Fungal and bacterial sequences were amplified from these tissues using universal primers to 


generate amplicon libraries that were representative of the total microbial community.  These 


amplicon libraries were sequenced by Massey University using the Illumina MiSeq v2 platform. 


Pōhutukawa Ramarama 


Pōhutukawa 


Ramarama 


Mānuka 


Mānuka 
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Positive, negative and known ratio controls were included. In total, 384 samples were 


sequenced. 


2.4 Bioassay 


Endophytes that live internally within the foliage are likely to represent a key component of the 


plant defence system. In New Zealand, there is little knowledge of these communities and their 


role in plants. From the curated collection, selected isolates were grown in liquid culture to 


produce both cells and filtrates for testing. A spore germination assay was developed and 


tested using poplar rust as a proxy for myrtle rust at the Lincoln Research Centre, as myrtle rust 


is not yet confirmed in the Canterbury region. 


Sterilised agar slides covered with a thin film of 2% agar-water were sprayed by airbrush with 


rust spores suspended in oil and an aliquot of either culture supernatant or cell suspension was 


spread on the slide. The ability of 20 of the recovered bacterial endophytes to inhibit 


germination of rust spores was determined by observation under the microscope. Those that 


inhibited spore germination were identified by ANOVA using GenStat 17th Edition. 


3 Results 


3.1 Culture collection 


All types of foliar tissues from all hosts contained live, endophytic microorganisms and 


representatives of these were recovered into live culture (Figure 2).  


 


Figure 2. Examples of bacteria (left-


hand plates) grown on R2A agar and 


fungi (right-hand plates) grown on 


potato dextrose agar isolated from 


Leptospermum scoparium (mānuka). 


 


Isolates of both bacteria (including Actinobacteria) and fungi were obtained; however, no colonies 


grew on the CRNH Phytophthora selective media. In total, 867 microorganisms were isolated, of 


which 461, 356 and 50 were from mānuka, pōhutukawa and ramarama, respectively. There were 


239, 219, 293 and 116 recovered from host plants from the Auckland, Taranaki, Bay of Plenty 


and Canterbury regions, respectively (Figure 3). 
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Figure 3. Number of isolates of A) fungi and B) bacteria recovered from four tissues collected from 


three Myrtaceous species (Leptospermum scoparium (mānuka), Metrosideros excelsa 


(pōhutukawa), Lophomyrtus bullata (ramarama)) growing in four regions of New Zealand. 


 


Overall, 615 fungi were recovered from leaves and stems for all species and sites. The greatest 


number of colonies were recovered from the old leaves (n=250; 40%) compared with young 


leaves (27%), old stems (18%) and young stems (15%). Cultures that were representative of 


the different morphotypes were retained and curated. DNA from 275 curated samples was 


extracted for identification by DNA sequencing of the ribosomal DNA. Within these 275 


sequenced fungi, 59 individual genera were represented. When the data were combined for 


both host plants, there were 34, 29, 22 and 18 genera in old leaves, young leaves, old stems 


and young stems, respectively. Of the 34 genera found in old leaves, 14 were unique, 18 were 


shared with young leaves and two were shared with stems (Figure 4). Only 16 (27%) of taxa 


were shared between stem ad leaves. 
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Figure 4. Venn diagram of the number (percentage) of taxa in 


each tissue type combined for Leptospermum scoparium 


(mānuka) and Metrosideros excelsa (pōhutukawa). Overlap 


between tissue types is indicated by the overlap of ellipses. 


Because of the lack of significant morphological features, the bacterial colonies were not 


morphotyped. Of the 267 bacteria recovered, 220 (82%) were identified by sequencing the 16S 


region of the ribosomal DNA. The four individual tissues of mānuka and pōhutukawa were 


similar in the diversity of bacterial genera present, ranging from 6–9 in mānuka and 8–11 in 


pōhutukawa. For ramarama there was a lower diversity of bacteria in young stems (n=1) but this 


is the result of the overall small number of colonies recovered (n=4). The remaining three tissue 


types for ramarama had 5–8 genera present, which is similar to the other two host plants. 


Overall, the dominant genus was Bacillus, representing 96 (44%) of the sequenced colonies.  


3.1 Amplicon sequencing 


The amplicon library generated for fungi, from DNA extracted from the four tissues sampled 


from mānuka and pōhutukawa across four regions of New Zealand, generated a total of 3.9 M 


reads.  These were divided into 690 distinct operational taxonomic units (OTUs).  


Analysis of the resemblance matrix generated from the OTU table using PERMANOVA showed 


that the total community of microbial endophytes found in different sites did not differ from each 


other (PERMANOVA p=0.818), indicating that most fungal taxa were present at all sites. 


However, the endophyte communities recruited by the plant hosts at each site were different 


(PERMANOVA p=0.019) (Figure 5) and that these fungal communities differed between tissues 


and according to the age of tissues (PERMANOVA p=0.003, p=0.001, respectively). Mānuka 


tissues contained more OTUs grouped as Capnodiales sp., Amphisphaeriaceae and 


Phaeothecoidea sp. In contrast, pōhutukawa contained relatively higher proportions of OTUs 


grouped in the Sporomiaceae, Alternaria sp. and Malasseziales. There were differences in the 


relative abundance of taxa between tissues. For example, old stems had relatively more 


Amphisphaeriaceae, whereas young stems had a greater abundance of Capnodiales sp. (sooty 


mould fungi). Old leaves contained relatively more Phyllosticta sp. and young leaves had more 


Phaeomoniella sp. 
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Figure 5. Nonmetric multidimensional scaling (MDS) plot showing fungal operational 


taxonomic units (OTUs) derived from the leaves and stems of Leptospermum scoparium 


(mānuka) (▲) and Metrosideros excelsa (pōhutakawa) (▼). Each triangle is an individual 


tree (genotype). 


The bacterial amplicon libraries produced substantially fewer reads than expected and should 


be repeated to confirm the relative abundance of different taxa. The OTUs generated were 


placed into eight families, of which the Acetobacteraceae and Methylocystaceae were the most 


abundant. 


3.2 Bioassay 


A bioassay was developed and optimised to measure the effect of live cultures and filtrates from 


endophytic bacteria on the germination of rust spores. Poplar rust was used as a proxy for 


A. psidii because of the absence of this pathogen in the Canterbury region. This in vitro assay 


was validated on 20 bacteria encompassing five genera (Pseudomonas, Pantoea, Bacillus, 


Burkholderia and Rahnella).  Of these, the majority (n=15) had been isolated from last season’s 


growth with even representation from each of the two host plants. There was a significant 


difference between the ability of the bacteria to inhibit rust spore germination (p<0.001; LSD = 


0.05) with seven bacteria inhibiting spore germination to a level similar to that of the fungicide 


control (100 ppm/mL strobilurin). The species able to inhibit spore germination were from the 


genera Bacillus, Burkholderia, Pantoea and Pseudomonas. They were able to reduce spore 


germination from 86% in the control to 16–24%.  


4 Discussion 


Research on endophytes of native New Zealand plants is scarce and this is the first study to 


characterise the complete endomicrobiome of pōhutukawa and to compare it to that of mānuka. 


This work also contributes to the growing body of global literature on the structure, diversity and 


function of plant microbiomes and provides an important knowledge baseline from which to 


build an understanding of the role microbial endophytes play in plant resistance to myrtle rust.  


This research confirmed the hypothesis that all three plant hosts, mānuka, pōhutukawa and 


ramarama, contained communities of fungi and bacteria within their foliage. This was 
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demonstrated by both the recovery of >800 live organisms and by the amplicon sequencing. 


Thus, there is a resource of microbial communities from which those that improve tolerance to 


myrtle rust can be selected. Foliar endophytes have previously been shown to modulate 


disease severity in poplar rust (Busby et al. 2016), pine blister rust (Ganley et al. 2008),  and to 


confer disease resistance in endangered plants (Zahn & Amend 2017) and tropical trees 


(Arnold et al. 2003). For mānuka, previous work has demonstrated that the foliage contains 


microorganisms that are antagonistic towards bacterial and fungal plant pathogens (Wicaksono 


et al. 2016). Further work should also investigate the proportion of taxa that are vertically 


transmitted by seed to identify those that can be introduced into the seedbank of Myrtaceous 


species.  


This work is the first to compare the microbial communities of two native species and showed 


that the microbiomes differed between the two host plants. This result was in agreement with 


the current body of literature that identifies the host as a major driver of microbial community 


structure. This is likely because of the independent evolution of these plant species and their 


associated microorganisms in response to variable selection pressures (Hassani et al. 2018). 


The demonstrated variation in susceptibility to myrtle rust by some genotypes of myrtaceous 


species, including mānuka and pōhutukawa (Grant Smith, per comm.), provides the opportunity 


to test whether microbial community-related fitness phenotypes exist in some Myrtaceae. 


Extrapolation of the current dataset to include plant genotypes of known susceptibility should be 


the subject of future work. 


Field observations and deliberate inoculations of many hosts in a number of countries have 


shown that the pandemic biotype causes more severe symptoms on young stem and leaf tissue 


(Makinson 2018). The results from both the culture recovery and the amplicon sequencing 


showed that the microbial community structure within mānuka and pōhutukawa differed with 


tissue type (leaf or stem) and also according to the age of the material (current or last season’s 


growth). To the best of our knowledge this is the first study, globally, to demonstrate that the 


microbial community resident in new season’s growth is dynamic and changes over the season. 


Accordingly, representatives of the taxa abundant in older tissues that had been recovered into 


culture were given greater priority in bioassays.  


The bioassay showed that seven bacteria, from four genera, that had been recovered from the 


three host plants were able to inhibit the germination of rust spores to levels equivalent to that of 


the fungicide control. Of these, six strains had been isolated from last season’s growth. Several 


of these taxa have been reported as inhibitory towards rusts previously.  Bacillus graminis and 


Bacillus lentimorbus control powdery mildew of wheat caused by Blumeria graminis f. sp. tritici 


(Gao et al. 2015) and coffee rust caused by Hemileia vastatrix (Shiomi et al. 2006), respectively. 


Pantoea agglomerans has previously been shown to inhibit bean rust caused by Uromyces 


appendiculatus and was the most promising bacterial isolate out of 120 tested (Yuen et al. 


2001). Pseudomonas fluorescens suppressed rust of groundnuts caused by Puccinia arachidis. 


5 Conclusions 


Overall, the research has demonstrated that: 


i. Fungal and bacterial endophytes are found in all foliar tissues on mānuka, pōhutukawa 


and ramarama 


ii. Endophyte composition between plant species is significantly different 


iii. Age and tissue type influences the composition of the endophyte community 
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iv. Host and tissue type rather than region in which the plants are grown are major drivers 


of microbial community structure 


v. Endophytes with the ability to inhibit the germination of rust spores are present in 


mānuka and pōhutukawa.  
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Executive summary 


As part of consortium with a University of Sydney-led Australian collective we have sequenced 


and assembled the whole genome of the myrtle rust fungal pathogen Austropuccinia psidii using 


state-of-the-art DNA sequencing technologies. In total, we obtained a genome assembly of 


3187 contigs spanning a total of just over 1 billion base pairs. This is the biggest fungal 


pathogen genome sequenced to date, which created some unique challenges during the 


bioinformatics analysis. We are attempting to organise these sequences into a set of 14 putative 


chromosomes. RNA sequence of genes expressed during the early stages of infection was 


generated and will be used, together with the genome assembly, to identify putative 


pathogenicity genes.  


1 Recommendations 


The whole genome assembly of the myrtle rust pathogen lays the foundation for in-depth 


understanding of how A. psidii infects and interacts with its hosts, and for investigations into the 


population structure of the pathogen. The DNA genome and RNA genome will be used in 


studies planned in the Beyond Myrtle Rust programme to investigate if the fungus uses the 


same molecular mechanism(s) to infect its many susceptible host species.  


2 Introduction 


How Austropuccinia psidii causes disease is unknown. Sequencing and analysing pathogen 


genomes has revealed potential mechanisms of pathogenicity that can be targeted by breeding 


or other technologies. The only publically available A. psidii sequence data is of low quality and 


is not suitable for analysis. New generation technologies for sequencing and bioinformatics 


genome assembly have provided new opportunities to generate less fragmented and more 


contiguous genomes, including that for fungal pathogens such as A. psidii. The Pacific 


Biosciences (Pacbio) sequencing technology is a powerful method as it produces long 


sequence reads that can span long stretches of repetitive DNA, which alternative sequencing 


technologies using shorter reads cannot achieve. This objective focused on developing a high 


quality genome assembly for A. psidii using a combination of PacBio sequencing and Hi-C 


technology.  


3 The A. psidii sequencing consortium 


An international consortium was established with the objective of creating a high quality genome 


sequence assembly of the pandemic strain of A. psidii. This consortium comprises the 


University of Sydney (Tobias, Dong, Park), Australian National University (Schwessinger), DPI 


Victoria (Tibbits), Queensland Department of Agriculture and Forestry (Shuey) and The New 


Zealand Institute for Plant and Food Research Limited (Chagné, Smith, Templeton, Deng, Wu). 


The consortium has allowed the combined trans-Tasman resources and expertise to freely 


interact to produce sequence data and undertake downstream analysis, resulting in a high 


quality genome assembly and annotation.  


4 Genome sequencing and analysis 


Based on flow cytometry and k-mer analysis, the A. psidii genome was estimated at a haploid 


size of around 1000 Mbp, which is the second largest fungal pathogen genome reported to 


date. The unexpected large size of the A. psidii genome posed a significant challenge as 
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assembling a genome of this size requires significantly more raw sequence data, and 


substantially more computing power to process that data into assembled sequences.  


A total of 157 giga-base pairs (Gbp) of raw sequencing PacBio data was produced at University 


of Sydney. We obtained raw read outputs from two generations of PacBio sequencers at the 


equivalent of 18x RSII (bax.h5) and 3x Sequel (bam) SMRT cells. Fasta and Arrow files were 


extracted, and the assembly process initiated with Canu (v1.6) long read assembly software 


(Figure 1). An initial assembly with this read coverage was completed within 2.5 months using 


the University of Sydney High Performance Computer (HPC) cluster. Contig numbers were high 


(22,474) and BUSCO analysis indicated that the contigs contained 80% complete and 6.6% 


fragmented gene models. A further eight PacBio SMRT cells (PacBio Sequel instrument) were 


therefore run for greater coverage. The additional sequencing data provided a total of 50–60x 


coverage of the genome. A second assembly took 4 months to process on the Sydney HPC. A 


third assembly was started using the Plant & Food Research HPC using different parameters 


than the University of Sydney process; however, it was stopped because of the Sydney 


assembly finishing first and giving an acceptable output. The assembly spans 1.98 Gbp of 


diploid sequences and 1 Gbp of phased haploid sequences in a total of 3187 contigs with a N50 


larger than 520 Kbp. It was tested for completeness using BUSCO (89% complete conserved 


BUSCOs) and the presence of bacterial DNA sequence contaminations was verified. 


This latest assembly, scaffolded in 3187 contigs was frozen as the final version and used for 


building pseudo-chromosomes using the Hi-C technique. Hi-C libraries were constructed and 


sequenced for the same isolate. The Hi-C analysis enabled the clustering of the 3187 contigs 


into 14 pseudo-chromosomes (Figure 2). However, analysis of the telomeric regions indicated 


that some of the contigs may be mis-oriented within the pseudo-chromosomes and some 


manual curation is underway.  


5 RNA sequencing and gene expression data 


generation 


Gene expression analysis using high-throughput RNA sequencing can give useful information 


about the mechanisms of infection from plant pathogens. A trial was established with 24 


mānuka (Leptospermum scoparium plants selected from families that had sufficient numbers of 


resistant and susceptible plants. The plants were inoculated with an A. psidii spore suspension 


or with water for the infection control plants. Samples were taken at two time points (24 h and 


48 h) after inoculation and RNA extracted and sequenced at the Australian Genome Research 


Facility (AGRF). A total of 353 Gbp of data was received in early June from approximately 1.2 


billion sequencing reads (Table 1).   


6 Glossary of terms 


18x RSII (bax.h5)  An output file from the PacBio software 


3x Sequel (bam)  An output file from the PacBio software 


Arrow   A variant caller tool that is part of the SMRT analysis software 


BUSCO An analysis that provides quantitative measures for the assessment of 
completeness of genome assembly 


Contigs A consensus sequence assembled from overlapping DNA sequences  
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Fasta   A DNA sequence alignment software package 


Hi-C  High-throughput chromosome conformation capture. Software that 
identifies chromosome structure and interactions in a genome 


k-mer    All the possible sub-sequences from a DNA sequence 


SMRT   Single-molecule real-time sequencing 


Telomeric regions  Telomeres are the sequences at the ends (tips) of chromosomes. 


 


Figure 1. Bioinformatics pipeline used for the Austropuccinia psidii genome assembly using 


PacBio data. 


 


 


Figure 2. Hi-C analysis of the Austropuccinia psidii assembly contigs. The A. psidii genome 


assembly of 3187 contigs was organised into 14 pseudo-chromosomes ranging from 17 Mbp 


to 250 Mbp.  


  


Computer Cluster 
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Table 1. Summary of raw sequencing data from RNA sequencing of mānuka 


seedlings inoculated with Austropuccinia psidii.  


RNA library ID Number of sequencing reads Data yield (Gbp) 


49 25,872,989 7.81 


50 24,844,699 7.5 


51 31,236,353 9.43 


53 25,571,216 7.72 


54 24,151,296 7.29 


55 24,127,316 7.29 


56 24,125,363 7.29 


57 28,707,603 8.67 


58 25,349,719 7.66 


59 27,770,460 8.39 


60 24,774,761 7.48 


61 24,582,202 7.42 


62 25,082,451 7.57 


64 25,133,201 7.59 


65 28,683,809 8.66 


66 22,844,016 6.9 


67 24,675,087 7.45 


68 23,946,707 7.23 


69 26,840,251 8.11 


70 24,283,215 7.33 


71 30,322,405 9.16 


72 23,637,777 7.14 


73 26,431,364 7.98 


74 28,968,214 8.75 


75 26,778,752 8.09 


76 26,651,415 8.05 


77 23,650,804 7.14 


78 26,720,209 8.07 


79 24,202,557 7.31 


80 26,672,290 8.06 


81 27,893,400 8.42 


82 24,989,932 7.55 


83 22,929,891 6.92 


84 29,622,616 8.95 


85 24,921,960 7.53 


86 26,480,051 8 


87 25,795,846 7.79 


88 25,551,598 7.72 


89 27,337,290 8.26 


90 28,405,721 8.58 


91 25,301,121 7.64 


93 25,155,384 7.6 


94 24,518,878 7.4 


95 25,979,209 7.85 


96 25,700,671 7.76 


Total 1,167,222,069 353 
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Executive summary 


The current threat of myrtle rust (Austropuccinia psidii) to Myrtaceae species including a 


number of New Zealand’s indigenous and socio-economically important species requires that ex 


situ conservation is used to complement in situ collections. However, New Zealand’s Myrtaceae 


have received little attention in terms of long-term ex situ conservation. Seed of some 


Myrtaceae species are considered orthodox and can be stored relatively easily in conventional 


seed banks. Nevertheless, some Myrtaceae species exhibit recalcitrant seed storage behaviour, 


e.g. Syzygium maire, and therefore require cryopreservation of isolated embryos. Theme 3 


looked at seed banking and germplasm research strategies for selected New Zealand 


Myrtaceae species. This part particularly investigated storage behaviour of selected Myrtaceae 


species seeds, establishment of in vitro storage protocols for selected species, establishment of 


pollen cryopreservation protocols and establishment of cryopreservation protocols for selected 


recalcitrant Myrtaceae species. A desiccation trial was conducted on six species of Myrtaceae 


namely: Lophomyrtus bullata, L. obcordata, Metrosideros diffusa, M. umblleta, M. bertletii and 


Syzygium maire. S. maire seeds and embryos showed extreme sensitivity to desiccation, and 


lost viability completely following desiccation to a moisture content below 20%, confirming its 


recalcitrant behaviour. The rest of the species seeds are desiccation tolerant, i.e. orthodox. 


Tissue culture protocols were developed for Lophomyrtus ‘Red Dragon’ – a hybrid of L. bullata x 


L. obcordata, Metrosideros excelsa, M. perforata, Leptospermum scoparium and the highly 


endangered Metrosideros bartlettii. In vitro propagated M. bartlettii have been transferred to the 


greenhouse successfully (100% acclimation success) and are ready for repatriation. In addition, 


photo-autotropic micropropagation techniques were developed for L. scoparium. Pollen 


cryopreservation was tested for Metrosideros excelsa. Desiccation of the pollen to about 5% 


moisture content (achieved with equilibrium with 15% relative humidity) followed by rapid  


freezing and rapid thawing was found optimum for cryopreservation. As S. maire was 


established as a recalcitrant species, the zygotic embryos were cryopreserved using excised 


embryo, encapsulation-dehydration and plant vitrification solution 2 (PVS2) vitrification 


techniques. No survival was recorded following excised embryo and PVS2 vitrification 


cryopreservation. Cryopreservation using the encapsulation-dehydration technique resulted in 


embryo survival and root formation (30%), although complete regeneration was not recorded.  


This report highlights the importance of integrated conservation strategies, i.e. involving seed 


storage, in vitro conservation, pollen storage and cryopreservation of recalcitrant species for 


conservation to ensure future access to New Zealand’s unique Myrtaceae germplasm as a key 


component of long-term management response to the threat posed by Austropuccinia psidii.  


Recommendations 


1. Having identified the optimum storage conditions, the germplasm of species at risk 


needs to be conserved immediately and this requires conservation facilities and physical 


resources, e.g. cryo-tank and humidity-controlled freezers and growth rooms that 


operate at international standards.  


2. This study also identified the importance for a centralised management and curation 


system for collected germplasm resources. This will include a register of collections held 


by various groups, and where and how the conserved material is stored to ensure that a 


standardised operating procedure is adapted.  
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3. To improve cryopreservation success for S. maire by incorporating modified techniques. 


Further optimisation of zygotic embryo cryopreservation protocol for S. maire using 


biochemical markers and anti-oxidant assays.  


4. To incorporate more species for pollen cryopreservation and to assess the long-term 


effect of cryopreservation on their viability.     


5. To establish in vitro collections of different provenances and to develop cryopreservation 


protocols for shoot tips using the growing plantlets of both M. bartletii and S. maire.  


1 Introduction 


The current threat of myrtle rust (Austropuccinia psidii) to Myrtaceae species including a 


number of New Zealand’s indigenous and socio-economically important species requires that ex 


situ conservation is used to complement in situ collections. To mitigate the effects of biotic and 


abiotic threats, ex situ germplasm conservation is widely applied in many species using 


protocols for conservation of pollen, seed and clonal germplasm, complemented by in vitro 


propagation and cryopreservation (Sakai 2004, Pence 2014). As the myrtle rust threat is 


advancing at an alarming rate in New Zealand (MPI-Biosecurity New Zealand Myrtle Rust 


Update April 2019), there is an urgent need to investigate ex situ conservation strategies for 


New Zealand’s Myrtaceae species as little information is available on long-term ex situ 


conservation.  


Seed is the most preferred plant propagule for ex situ germplasm conservation because they 


are easy to handle, relatively inexpensive to store and have the advantage of regenerating 


whole plants from genetically diverse materials. Gene banking of seeds is aimed at preservation 


of genetic variations within and among populations for future use in breeding programmes and 


for germplasm conservation purposes. The internationally recommended standard for seed 


banking is –18°C and 15% relative humidity (FAO 2014). However, it is also important to note 


that not all seeds can be dried and stored at cold temperatures. Seeds are divided into three 


main categories (orthodox, intermediate and recalcitrant) based on their storage behaviour and 


their sensitivity to desiccation and temperature (Roberts 1973; Ellis et al. 1993). Orthodox seeds 


are those that can tolerate drying to very low moisture contents (≤3–7% fresh weight), and their 


longevity increases as moisture content and temperature are reduced (Roberts 1973). 


Intermediate seeds tolerate partial desiccation (~10% moisture content) but longevity is reduced 


at low moisture content in low temperature storage. On the other hand, recalcitrant seeds are 


very sensitive to desiccation and will lose viability after only the slightest amount of drying. 


Therefore, conventional seed banking can only be used to store orthodox and intermediate (to 


some extent) seeds but not recalcitrant seeds. For long-term storage of recalcitrant seeds, 


cryopreservation, a process by which living tissues are conserved in liquid nitrogen at -196°C, is 


recommended.  


Only a few protocols for ex situ conservation of germplasm are available for New Zealand 


Myrtaceae species. However, no reports are available on cryopreservation of recalcitrant 


Myrtaceae species. Hence, germplasm conservation technologies developed in other families 


either as in vitro cultures, or as cryo-preserved shoot tips, seeds, embryos and pollen will be 


adopted in this study. Seed of some Myrtaceae species are considered orthodox and can be 


stored relatively easily, i.e. in conventional seed-banking environments. However, some 


members of this family do exhibit recalcitrant seed storage behaviour, e.g. Syzigium maire as 


indicated in our pilot study on `Assessing the cryopreservation potential of recalcitrant 


Myrtaceae germplasm` (MPI 18061) and must be conserved in cryopreservation as isolated 


embryonic axes. For some species there will be requirements for in vitro or tissue culture 


storage of valued genotypes because of poor seed set or a very low number of known individual 


genotypes.  
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The aim of this theme is to develop a research-led strategy to efficiently and cost-effectively 


conserve maximum allelic diversity with the ultimate future goal of repatriation to the 


environment. A Myrtaceae Germplasm Collection & Storage Strategy is being developed 


(Department of Conservation, DOC) and the distribution of high priority species and individuals 


is being mapped (MPI RFP 18607). This project will identify or verify optimum ex situ 


conservation strategies for seed storage, in vitro propagation (including producing shoot tips for 


cryogenic storage experiments), and cryopreservation (seeds and/or embryonic axes, and 


pollen) for selected Myrtaceae species.  


2 Research strategies and critical steps 


There were four research strategies or critical steps identified under this theme: 1) New 


Technology Development; 2) Knowledge Exchange; 3) Technology Transfer and 4) 


Dissemination of Research Outputs. The activities related to each of these research strategies 


or critical steps are listed below: 


1. New technology development 


a. Development of seed storage protocols 


b. Development of embryo and shoot tip cryopreservation protocols 


c. Development of in vitro culture technologies 


d. Development of pollen storage and viability assessment technologies. 


2. Knowledge exchange 


a. Consultation with local and central governmental agencies to ensure a coordinated 


approach is used 


b. Collaborations with other conservation groups  


c. Consultation with iwi 


d. Research collaboration with Wellington City Council, Massey University, Royal 


Botanic Gardens Kew, UK, Plant Bank Australian Botanical Gardens Networks.  


3. Technology transfer 


a. PhD student training and teaching (Massey University) 


b. Delivery of training in seed conservation techniques. 


4. Dissemination of research outputs 


a. Seminars and workshops with participating groups 


b. Conference presentations 


c. Project reports 


d. Scientific paper publications. 
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3 Experimental procedures and results 


3.1 Mānuka seed research 


3.1.1 Seed material and experimental work 


Seed collection from 64 populations (25–35 collections covering 10 tress per population). Seeds 


were removed from their capsules, cleaned and stored at 15°C/35% relative humidity while 


being processed. Seed germination on water agar was conducted on 29 randomly selected 


populations. The seeds were incubated at alternating temperature 13/25°C with a 12-h 


photoperiod. For these 29 populations, seed storage was compared at –20°C and in 


cryopreservation after 1 year of storage. Representative seeds samples were dispatched to 


Brisbane in batches. 


3.1.2 Results 


Germination percentage of mānuka seeds varied with populations. Figure 1 below summarises 


the initial germination of 29 randomly selected populations. Overall germination recorded was 


very low with the highest being 26% and the lowest was 5%.  


 


Figure 1. Comparative germination of mānuka seeds collected form 29 different population (A) and 


mānuka seed germination on water agar (B). 


 


No seeds survived –20°C storage after a 1-year period. Following cryopreservation, the 


germination did show a slight decline from initial germination but did retain the viability better 


than –20°C storage (Figure 2).   


B


0


5


10


15


20


25


30


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29


Manuka seed germination


Population


G
er


m
in


at
io


n
 (


%
)


A







Topic 3.1 – Seed-banking and germplasm research strategy. June 2019. PFR SPTS No. 18040-3.1.  


[6] THE NEW ZEALAND INSTITUTE FOR PLANT AND FOOD RESEARCH LIMITED (2019) 


 


Figure 2. Comparative 1-year storage results at –20°C and cryopreservation for mānuka seeds 


collected from 29 different populations. 


3.2 Storage behaviour of selected Myrtaceae species 


Seeds of Lophomyrtus bullata, L. obcordata, Metrosideros diffusa, Metrosideros umblleta and 


Metrosideros bartletii were collected and supplied by DOC and Wellington Botanic Garden. The 


seeds were processed from their capsule and tested for initial germination. Following that, the 


seeds were equilibrated to various relative humidity environments ranging from 5, 15, 30, 55, 75 


to 100%. The relative humidity environments were created using lithium chloride salt solutions 


with different concentrations. Around 100 to 200 seeds were used for each humidity 


environment treatment. Before placing the seeds in an air-tight container (Figure 3), the initial 


moisture content of the seeds was determined and initial seed weight was also recorded. Seed 


weight loss was monitored at regular intervals until there were no changes in the weight, 


indicating the seeds had reached their equilibrium with their environment. Upon reaching 


equilibrium, seed moisture content and germination were assessed.    


 


Figure 3. Seeds were equilibrated in different humidity environments (A & B), capsules and seeds 


of Lophomyrtus bullata (C), seeds of L. bullata seeds germination following desiccation (D). 
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The seeds had around 20% initial moisture content and 90% germination. Figure 4 below 


summarises the moisture content and germination results following equilibration at the selected 


relative humidity. The moisture content of the seeds ranged from 2 to 46% following 


equilibration at 5% and 100% relative humidity, respectively. However, the germination was still 


high (>80%) even for the seeds dried to around 2% moisture content for all these five species, 


indicating that all these species are orthodox i.e. desiccation tolerant and therefore can be 


stored in a conventional seed bank for a long term.  
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Figure 4. Desiccation tolerant profile for Lophomyrtus bullata (A), Lophomyrtus obcordata (B), 


Metrosideros diffusa (C), Metrosideros umblleta (D) and Metrosideros bartletii (E). 
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3.3 In vitro culture protocols for selected Myrtaceae 


species 


Genebanking through in vitro culture is another option being tested. Vegetative propagation 


using cuttings of several Myrtaceae species has been demonstrated but is slow, often difficult, 


and season and genotype dependant. Therefore, micropropagation is the preferred method of 


propagation. Once optimised, these methods can be used to establish in vitro repositories for 


conservation and also can be used to source explants for cryopreservation for long-term 


conservation. Our objective was to test both photo-autotropic and in vitro propagation methods 


for selected species of Myrtaceae.  


This includes initiation of seedlings and shoots into tissue culture and their propagation using in 


vitro and photo-autotropic micropropagation techniques.  In addition, we have successfully 


transferred tissue cultures of Metrosideros bartletii to greenhouse conditions for further growing 


as it is the most endangered of the species.  


Seedlings of Metrosideros bartlettii and Lophomyrtus obcordata in water agar plates were 


received from Otari Botanic Gardens, Wellington. These cultures were not sterile. Therefore, 


shoots were excised and further surface sterilised by immersion in 75% ethanol followed by a 


solution of sodium dichloroisocyanurate  (NaDCC, 5 g/L) containing 0.1% (v/v) Tween 20® for 


30 min, washed in sterile water (3x) and cultured on a medium consisting of Murashige and 


Skoog (1962) (MS) half-strength macro elements, full strength MS microelements, B5 


(Gamborg et al. 1968) vitamins with 3% (w/v) sucrose solidified with agar (7.5% w/v). If further 


contamination was observed, the shoot tips were rinsed in 75% ethanol for 40 sec and cultured 


in same medium as above, supplemented with NaDCC 70–100 mg/L for 2–4 days after which 


the plantlets were transferred to NaDCC-free medium.  


Lophomyrtus ‘Red Dragon’ (a hybrid of L. bullata x L. obcordata, Metrosideros excelsa and M. 


perforata) were received from Ardmore Nurseries Ltd, Papakura, Auckland, and maintained in 


the greenhouse at The New Zealand Institute for Plant and Food Research Limited (PFR), 


Palmerston North (Figure 5). Leptospermum scoparium was sourced from the PFR collection at 


Palmerston North (Figure 6). Newly formed shoots (3–5 cm) were brought to the laboratory, 


leaves were clipped and 3–5 nodal pieces were used for surface sterilisation using the same 


method described for seedlings.  


 


Figure 5. Lophomyrtus ‘Red Dragon’ (A), Metrosideros excelsa (B) and M. perforata (C) growing in the 


PFR greenhouse in Palmerston North.  
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The explants used for tissue culture initiation and M. bartlettii seedlings in water agar are shown 


in Figure 7. 


 


Figure 6. Leptospermum scoparium collection at PFR, Palmerston North that served as initial 


material for tissue culture experiments.  


To induce axillary shoot formation for micropropagation, two-nodal shoots were transferred to 


MS medium supplemented with 6-benzylamino purine (BAP – 1 mg/L) and indole-3-butyric acid 


(IBA – 0.1 mg/L). The shoots arising were separated and transferred back to basal MS media 


for growth. Rooting of shoots was tested in two ways: a)  by dipping cut ends of shoots in IBA 


(15–30 mg/L) for 30 sec and growing in basal MS media; and b) by supplementing the basal MS 


media with IBA (0.5–1 mg/L).  


For developing photo-autotrophic micropropagation methods, sterilised shoot tips (2–5 cm) 


were embedded in sterilised rock wool cubes aseptically and placed in sterile 250-mL plastic 


tissue culture vessels. After adding 10 mL of sterile liquid medium without sucrose, the tubs 


were placed on a tilting device that enabled liquid feeding for 10 min followed by 20 min of 


draining (Figure 8). The cultures received 70–80 µmol s-1 m-2 light (16 h per day) supplied by 


Sylvania Grow-Lux 58w/GRO-T8 (Germany) Lights. Rooting of shoots was tested using 1.5 


mg/L IBA in the same growth solution (Figure 8). 


Surface sterilisation using NaDCC as the sterilant including the subsequent culture in media 


supplemented with NaDCC gave 20% clean explants of Lophomyrtus ‘Red Dragon’ and M. 


perforata, and 42% L. scoparium. Through shoot tip culture of M. bartlettii we could achieve 


almost 100% sterile plants because the initial contamination in the agar plates was not high 


(Figure 7 D and E).  
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Figure 7. Initial material used for establishment of in vitro cultures and micropropagation 


experiments. A. Lophomyrtus ‘Red Dragon’ – a hybrid of L. bullata x L. obcordata, 


B. M. perforata, C. Metrosideros excelsa and D & E. M. bartlettii seedlings in agar plates. 


 


Figure 8. Photo-autotropic micropropagation of Myrtaceae. A) Tilting device that can be 


programmed for feeding time, B) Leptospermum scoparium growing in rockwool, C) Rooted 


cutting ready for greenhouse acclimation. 
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Inclusion of BAP and IBA at 10:1 ratio enabled proliferation of axillary shoots (Figure 9 B) and 


IBA alone was effective in producing roots (Figure 9C). These plantlets after rooting were easily 


acclimatised to the greenhouse by first holding them in non-soil media for 2 weeks in a bottom-


heated (27°C) fog tent, followed by misting in a mist bed (Figure 9D). These plants can now be 


potted and repatriated to the wild.   


Thus, we have so far developed in vitro culture methods for Lophomyrtus bullata, Lophomytus 


obcordata, Leptospermum scoparium, Metrosideros excelsa and the highly endangered 


Metrosideros bartlettii.  


 


Figure 9. In vitro culture, micropropagation and greenhouse acclimation of propagated 


Metrosideros bartlettii material. Seedlings of M. bartlettii in agar/water plates as received (A). 


Multiple shoots induced (B), rooted plantlet ready for the green house (C) and healthy plants after 


acclimation in the greenhouse ready for repatriation (D).  


Photo-autotropic micropropagation was successful for L. scoparium as shown in Figure 8. 


Lophomyrtus ‘Red Dragon’ was also partly successful but we need to improve the sterility as the 


initial explants seem to have higher microbial contamination.  
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3.4 Pollen cryopreservation for selected Myrtaceae 


species 


Pollen samples of two Myrtaceae species, Metrosideros excelsa and M. bartletii, were collected 


from Victoria Esplanade, Palmerston North, and Otari Botanic Garden, Wellington, respectively 


(Figure 10). There was high viability at collection. However, M. excelsa pollen viability declined 


very rapidly at room temperature. Pollen cryopreservation was tested only for M. excelsa as M. 


bartletii pollen was not available in enough quantity for this assessment. Desiccation of the 


pollen to about 5% moisture content (achieved with equilibrium with 15% relative humidity) 


followed by rapid freezing into liquid nitrogen (stored for 1 h) and rapid thawing was found 


optimum (with viability retained as non-cryopreserved control pollen) for cryopreservation of M. 


excelsa pollen.  


 


Figure 10. Flowers of Metrosideros excelsa (A), anthers of Metrosideros bartletii (B), pollen grains 


of M. bartletii (C), microscopic image of M. bartletii pollen (D). 
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3.5 Cryopreservation protocol for Syzygium maire, a 


recalcitrant Myrtaceae species  


3.5.1 Seed collection and experimental procedures 


This work was carried out in collaboration with Wellington City Council (WCC) and DOC, New 


Zealand. Seeds for this study were collected by WCC and DOC from various locations as 


described in Table 1. Where seeds were collected from privately owned land, landowner 


consent was obtained prior to collection (Appendix 1).  


Table 1. Syzygium maire seed collection area. 


Locality Date collected 
Estimated 
number of 


seeds 
Collectors Land owner 


Taranaki 20 May 2017 2500 DOC Private – Farm 


Fensham Reserve 28 December 2017 3000 WCC Forest and Bird Reserve 


Nga Manu 17 January 2018 8000 WCC Nga Manu Trust 


Zealandia 15 February 2018 300 WCC Zealandia Trust 


Taranaki 21 March 2018 6000 WCC Private land owner 


Rotoiti – Bay of Plenty 19 February 2018 250 DOC Tokerau Trust 


DOC = Department of Conservation, New Zealand, WCC = Wellington City Council. 


The typical natural habit of S. maire is a wetland as shown in Figure 11. Trees were monitored 


from the time of flowering through fruit set, seed maturation and until seeds were ready for 


dispersal (Figure 12).  


 


Figure 11. Natural habitat of Syzygium maire (Photo by Karin van der Walt). 
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Figure 12. Seed development of Syzygium maire in their natural habitat. A: flower buds, B: flower at 


anthesis, C: fully matured seed, D: seed at shedding, E: seeds at various maturity stages  


(Photos by Karin van der Walt). 


There were four activities (milestones) under this project. The reporting for each activity will be 


covered separately below. Initial seed moisture content and germination tests were carried out 


according to the International Seed Testing Association (ISTA 2018) standards to determine 


seed quality before initiating the experiments. Moisture contents for different seed components, 


namely seed coat, pulp, cotyledon and embryo, were also measured. Seed desiccation 


sensitivity assessment was carried out to confirm the storage physiology of the seeds. For this 


assessment, the seeds were desiccated using silica gel to various moisture contents. On 


attaining these moisture contents, seed germination was tested by sowing them on 8% (w/v) 


water agar.  
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3.5.2 Initial moisture content, germination and desiccation sensitivity 


assessment for S. maire seeds 


The initial seed moisture content was around 80% (fresh weight basis). All seed components 


had a moisture content above 80% with seed coat and pulp showing moisture contents above 


90% (Table 2). The germination of fresh seed immediately after collection was 100% (Figures 


12 and 13) indicating the seeds have a high viability at collection and before any experiments. 


Seed desiccation sensitivity assessment revealed that the seeds are extremely sensitive to 


drying with drying to 50% moisture content reducing the germination from 100% to 66%. Further 


drying to 40% and 30% reduced the germination to 50% and 25%, respectively. Drying the 


seeds below 30% resulted in 0% germination confirming the recalcitrant nature of S. maire 


seeds (Figure 13). 


Table 2. Moisture content for different components of 


Syzygium maire seed immediately after harvest (n=25). 


Seed component 
Moisture content (%) 


(Average ± SD) 


Seed coat 90.85 ± 0.73 


Pulp 91.32 ± 1.03 


Cotyledon 84.10 ± 1.85 


Embryo 84.60 ± 0.80 


 


   
Figure 2. I nitial seed germinati on of S. maire 


A B C 


Figure 12. Germination of fresh Syzygium maire seed. A) 5 days after sowing, B) 10 days after 


sowing, C) 15 days after sowing (Photos by Jayanthi Nadarajan). 


 


 


Figure 13. Germination of Syzygium maire seed at collection (80% moisture 


content) and following desiccation to various moisture contents (n = 100). 
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Desiccation sensitivity assessment for excised embryos of S. maire 


Seeds collected by DOC from private land in Taranaki on 20 May 2017 were used in this 


experiment. The aim of this assessment was to test the desiccation tolerance level of S. maire 


embryos and to arrive at an optimum moisture range for cryopreservation of the embryos. As 


moisture content is a critical factor in developing a cryopreservation protocol, ensuring the 


optimum moisture content is achieved is essential. This is because under-drying will result in an 


excess of ‘free’ or ‘freezable water’ in the embryos that would lead to lethal ice crystallisation 


during freezing. On the other hand, over-drying will lead to embryo death, hence, finding the 


balance is the first step in a cryopreservation protocol development.  


Seeds of S. maire were surface washed with 20% Janola® (2 min) and the embryos were 


excised aseptically in a laminar flow hood. The embryos were then surface sterilised with 20% 


commercial bleach (Janola®) and 50% ethanol followed by three rinses in sterile reverse 


osmosis water. The embryos were then desiccated for various durations (0, 1, 2, 3, 4, 5 and 6 


h) in the air flow of a laminar flow bench to reach various moisture content levels. Moisture 


contents of the embryos were determined at the end of the desiccation period for each 


treatment. For each desiccation treatment, 10 embryos in four replicates were germinated on 


solid Murashige and Skoog (MS) (1962) medium supplemented with 3% (w/v) sucrose and 


incubated in a growth room set at 25°C with 16/8 h photoperiod provided by cool white 


fluorescent tube providing a PFD of 30–50 mol/m2/s. 


The embryo moisture contents following drying and their corresponding germination 


percentages are summarised in Table 3. The results reconfirm that S. maire is a recalcitrant 


species and the embryos are showing sensitivity to desiccation with viability severely reduced 


when the moisture content falls below 20% (Table 3). 


Table 3. Syzygium maire embryo moisture content and their corresponding 


germination following desiccation (n=40). 


Desiccation 
duration (h) 


Embryo moisture content (%) 
(Average ± SD) 


Germination (%) 
(Average ± SD) 


0 75.3 ± 2.5 100.0 ± 0.0 


1 54.7 ± 1.5 72.0 ± 2.0 


2 38.6 ± 1.1 52.0 ± 2.0 


3 24.4 ± 1.0 38.0 ± 2.0 


4 20.0 ± 1.0 29.3 ± 1.2 


5 15.3 ± 0.6 28.0 ± 2.0 


6 12.6 ± 1.0 17.5 ± 2.5 


 


3.5.3 Excised zygotic embryo cryopreservation of S. maire 


The aim of the assessment was to test if the excised embryos will survive cryopreservation 


following desiccation alone. Four desiccation periods (2, 3, 4 and 5 h) were selected based on 


the results from Milestone 1 showing that there is a very high moisture content for embryos 


desiccated for less than 2 h, and that for embryos desiccated longer than 5 h, the germination 


was very low. Hence, the optimum moisture content for cryopreservation was estimated at 


between 15 to 35%. 


Protocols as described above were followed for seed surface washing, embryo excision and 


sterilisation. The embryos were desiccated for 2, 3, 4 and 5 h in the air flow of a laminar flow 


bench. After the desiccation period 10 embryos in four replicates were packed into cryo vials 


and cryopreserved by rapid freezing in liquid nitrogen. The embryos were stored in liquid 
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nitrogen for 1 h and then thawed in a water bath at 40 ± 2°C. Following thawing, the embryos 


were plated on solid MS medium supplemented with 3% (w/v) sucrose and incubated in the 


growth environment specified above to estimate their viability. 


The results for excised embryos’ desiccation and cryopreservation are summarised in Table 4. 


The results show that S. maire embryos are extremely sensitive to direct cryopreservation as 


there was no survival following cryopreservation of the excised embryos. The next step in this 


study was focused on encapsulation of the embryos in sodium alginate and cryopreservation.  


Table 4. Germination before and after cryopreservation following desiccation for excised 


embryos of Syzygium maire (n=40). 


Desiccation 
duration (h) 


Embryo moisture 
content (%) 


(Average ± SD) 


Germination before 
cryopreservation (%) 


(Average ± SD) 


Germination following 
cryopreservation 


(%) 


2 36.40 ± 1.05 55.00 ± 0.58 0 


3 24.63 ± 1.0 40.0 ± 2.0 0 


4 20.18 ± 0.39 35.00 ± 1.53 0 


5 15.16 ± 0.63 30.00 ± 1.53 0 


 


3.5.4 Encapsulation cryopreservation of S. maire embryos 


The encapsulation-dehydration technique was developed on the basis of artificial seeds 


production, where explants are encapsulated into sodium alginate beads, pre-treated in sucrose 


rich medium, partially desiccated using a laminar air flow and then directly immersed in liquid 


nitrogen (Fabre & Dereuddre 1990). Not only have the embryos of numerous species been 


stored using this technique but shoot apices and embryonic axes of several temperate and 


tropical species have also been conserved (Engelmann 2004). Following the observation of 0% 


survival for excised embryo axis cryopreservation, in this part of the study the encapsulation-


dehydration method of cryopreservation was tested for S. maire excised embryos. 


Seeds from two different populations (Taranaki and Zealandia, Wellington), as described in 


Table 5, were used in this experiment. The encapsulation dehydration technique was applied to 


the excised embryos. Excised embryos were surface sterilised and encapsulated in 3% (w/v) 


sodium alginate. The encapsulated embryos were then desiccated to various moisture contents 


and cryopreserved. Following cryopreservation, germination was tested on MS medium 


supplemented with 3% (w/v) sucrose as described previously (Figure 14).  
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Figure 14. Sodium alginate (Na-alginate) encapsulation cryopreservation procedure. A) excised 


embryos were treated with 3% Na-alginate followed by 1% calcium chloride (CaCl2) solution for 


polymerisation of the beads; B) embryos encapsulated in the beads were desiccated to various 


moisture contents; C) following desiccation, the embryos were packed in cryovials; D) cryovials 


were attached to the cryo-cane; E) the cryo-canes were rapidly cooled by submerging in liquid 


nitrogen (LN) and stored in LN for 1 hour; F) following LN storage, embryos were rapidly 


rewarmed and plated on Murashige and Skoog  medium. (Photos by Jayanthi Nadarajan and 


Karin van der Walt). 


 
Table 5. Syzygium maire seeds sampled from different populations used in the encapsulation 


cryopreservation. 


Locality Date collected Estimated number of seeds Collectors 


Taranaki 20 May 2017 2500 DOC 


Zealandia 15 February 2018 300 WCC 


Taranaki 21 March 2018 6000 WCC 


DOC = Department of Conservation, New Zealand, WCC = Wellington City Council 


Seeds collected from Taranaki in May 2017 showed embryo survival around 20% and 30% 


following cryopreservation when the encapsulated embryos were dried to moisture contents of 


37% and 30%, respectively (Figures 15 and 16). Moisture contents above 37% were lethal to 


the embryos as no embryos survived cryopreservation, possibly because of ice crystallization. 


From our monitoring study on the seed development from flowering to seed maturity, one 


interesting observation we noted during this study was that flowering and seed production was 


much earlier in 2018 compared with 2017. Thus, the seed collection was carried out in March in 


2018 compared to May in 2017. However, when the encapsulation cryopreservation trial was 


repeated using seeds collected from the same Taranaki population on 21 March 2018, there 


was no survival following encapsulation cryopreservation. This was also true for the seeds 


collected from the Zealandia population. One explanation for this observation could be that the 


seeds collected from the Taranaki population in May 2017 were at an optimum maturity level at 


which their moisture content could be manipulated without compromising their viability. Beyond 


this maturity stage, the seeds would enter a germination phase followed by a 


developmental/physiological stage, where drying the seeds could be lethal. We postulate that 
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the seeds from Taranaki population collected on 21 March 2018 and Zealandia population 


collected on 15 February 2018 would have passed this ‘optimum maturity window’ during this 


experiment.  


As the germination post-cryopreservation is very low and inconsistent within the same 


(Taranaki) and between the two populations (Taranaki and Zealandia) tested, the next part of 


this study was focused on testing a more advanced cryopreservation protocol using vitrification 


cryoprotection.  


 


Figure 15. Germination of sodium alginate encapsulated embryos of Syzygium maire before 


and after cryopreservation following desiccation to various moisture content (MC). 


 


  


Figure 16. Sodium alginate encapsulated embryos of Syzygium maire regenerating on 


Murashige and Skoog medium 4 weeks after cryopreservation. (Photos by Jayanthi 


Nadarajan).  


3.5.5 Vitrification cryopreservation of S. maire embryos  


Over the last two decades, vitrification cryopreservation using cryoprotectants has gained 


attention for improving survival of cryopreserved cells and tissues (Turner et al. 2001). In order 


to successfully cryopreserve tissues by vitrification, it is important to carefully control 


dehydration/cryoprotective procedures and to prevent injury by chemical toxicity or excess 


osmotic stresses (Sakai et al. 1990). Many different pre-treatment techniques have been 


developed to increase dry mass content, stabilise proteins and membranes, decrease freezing 


point, and enhance the glass forming tendency of the remaining water  in the cryopreserved 
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tissues (Grospietsch et al. 1999) including loading with different cryoprotectant materials 


(sucrose, polyols, glycerol, proline, and dimethyl sulfoxide. Using these methods, combined with 


preculturing or preconditioning of donor plants, embryonic axes of several non-orthodox plants 


have been successfully cryopreserved using the vitrification technique (Engelmann 2004).  


Seeds from the Taranaki population collected on 21 March 2018 were used for this experiment. 


The embryonic axes were pre-cultured for 24 h on solid MS medium supplemented with 0.75 M 


sucrose and incubated at 25 ± 2°C under a 16/8 h photoperiod. Following preculture, embryos 


were placed in a 2.0 ml cryovial and treated with loading solution (LS) for 20 min at room 


temperature (~25°C). LS is comprised of 0.4 M sucrose + 2 M glycerol in liquid MS medium 


(Sakai 2004). Following LS treatment, the embryos were treated with cryoprotectant before 


cryopreservation. PVS2 was used as a cryoprotectant. PVS2 was prepared in MS liquid 


medium, as: 30 % glycerol + 15 % ethylene glycol + 15 % DMSO + 0.4 M sucrose (Sakai 2004). 


The effect of the duration of application of the vitrification solution at two different temperatures 


was evaluated by treating embryos with PVS2 for 0, 30, 60 and 90 min at 0°C and at ambient 


temperature. At the end of the PVS2 treatment, the vitrification solution was renewed and the 


final volume in the cryotubes was adjusted to 1.5 ml. The embryos were now either, unloaded 


and transferred to growth medium (solid MS medium supplemented with 3% (w/v) sucrose) 


(non-cryopreserved controls), or cryopreserved by rapid immersion of the cryotubes in LN. After 


1 h of storage in LN, the embryos were rewarmed by placing the cryotubes in a water-bath at 40 


± 2°C for 5 min. The vitrification solution was removed and replaced by 1.5 ml of liquid MS 


medium supplemented with 1.2 M sucrose for 20 min (unloading treatment). The embryos were 


retrieved from the liquid medium, blotted dry on sterile filter paper and placed on growth 


medium. After 24 h, they were transferred on to fresh growth medium and germination was 


assessed as above. 


There was no survival following cryopreservation after any of the three PVS2 treatment times at 


either temperature (Table 6). The embryos showed very low survival following PVS2 


cryoprotectant treatment even before cryopreservation. The highest survival of around 27% was 


recorded for the 60 min PVS2 treatment before cryopreservation. Ambient temperature treated 


embryos showed much better survival compared with those treated at 0°C (Table 6). 


Table 6. Summary results for Syzygium maire embryos following vitrification cryopreservation 


using four Plant Vitrification Solution 2 (PVS2) treatment periods at two different temperatures.  


PVS2 Exposure 
time (min) 


PVS2 Treatment 
temperature 


Germination before 
cryopreservation 
(Average ± SD) 


Germination after 
cryopreservation (%) 


0 - 16.7 ± 5.8* 0* 


30 Ambient 20.0 ± 14.1** 0* 


30 0°C 15.0 ± 7.1** 0* 


60 Ambient 26.7 ± 11.5* 0* 


60 0°C 13.3 ± 5.8* 0* 


90 Ambient 20.0 ± 10* 0* 


90 0°C 10.0 ± 0** 0* 


*n = 30; **n = 20. 
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4 Issues and mitigations 


 Poor state of seeds collected was a concern and we addressed this issue by being 


proactive and passing on the protocols to seed collectors through Otari Native Botanic 


Garden. 


 For S. maire seeds, seed collection at appropriate maturity stage was critical. We have 


been monitoring seed development from flowering to maturity in collaboration with Otari 


Native Botanic Garden. 


 Protocols for \seed collection from Māori and private lands was raised in the MPI Myrtle 


Rust Research Program workshop. We worked with PFR Māori Relationship Manager 


to ensure that the protocols for seed collections are adhered to and results are reported 


back and plants repatriated if necessary, in consultation with local iwi.  


5 Conclusions and future work 


This project gave us the opportunity to assess the seed storage physiology of selected New 


Zealand Myrtaceae species in order to define the optimum long-term conservation strategies for 


these species. From the six species studied, five species (Lophomyrus bullata, L. obcordata, 


Metrosideros diffusa, M. umblleta and M. bertletii) showed orthodox storage behaviour. Hence, 


these seeds can be stored relatively easily in conventional seed banks. However, Syzygium 


maire seeds and embryos showed extreme sensitivity to desiccation, and lost viability 


completely following desiccation to a moisture content below 20%, confirming its recalcitrant 


behaviour. Zygotic embryos of this species was successfully cryopreserved using 


encapsulation-dehydration technique with 30% survival. Metrosideros excelsa pollen 


cryopreservation was successful following desiccation of the pollen to about 5% moisture 


content followed by rapid freezing and rapid thawing.  


The in vitro protocols for several Myrtaceae species described in this report were developed in 


one of New Zealand’s leading tissue culture laboratories that houses over 1000 accessions of 


kiwifruit in vitro. The protocols developed, and experience and skills of staff should be utilised to 


conserve endangered Myrtaceae spp. in future programmes. The same lab houses New 


Zealand’s first cryobank with more than 150 potato accessions and the core collection of apple 


germplasm. It is highly desirable to consider the use of facilities and staff skills for long-term 


conservation strategies of threatened and recalcitrant Myrataceae spp. such as S. maire using 


the developed cryopreservation protocols.  


This report highlights the importance of integrated conservation strategies, i.e. involving seed 


storage, in vitro conservation, pollen storage and cryopreservation of recalcitrant species for 


conservation of Myrtaceae species to ensure future access to New Zealand’s unique Myrtaceae 


germplasm as a key component of long-term management response to the threat posed by 


Austropuccinia psidii. This will ensure species diversity is not lost and that there will be a 


resource for future breeding programmes to deliver resistant plants back to landscape. The 


existence of other myrtle rust biotypes and the lack of knowledge of their potential effects on 


New Zealand Myrtaceae will require that material is conserved until this knowledge is available.  
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6 Major outputs 


1. Knowledge/technology transfer and skill development through a PhD student 


supervision with Wellington City Council and Massey University. 


2. Dissemination of research output through presentation at international scientific 


conferences: 


a. Nadarajan J, Van der Walt K & Pathirana R. Cryopreservation protocol 


development for Syzygium maire, a recalcitrant Myrtaceae species. COMBIO 2018 


Sydney, Australia 26-28 September 2018.  


b. Nadarajan J. Plant cryopreservation: from axes to seeds. Society for Low 


Temperature Biology scientific meeting, Cambridge, UK, 19-20 September 2017 


(Invited Talk). 


c. Pathirana R, Nadarajan J, Pathirana R. Plant germplasm conservation through 


cryo-preservation: challenges and opportunities. Invited Lecture at Acadia 


University/K.C.Irving Environmental Science Centre, Wolfville, Nova Scotia, 


Canada (5 September 2018). 
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