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Summary 
The aim of this project was to breed and develop superior rootstocks that would help 
support the future commercial viability of Queensland and Australian citrus growing.  
One new rootstock was released and is now entering commercial production.  It 
represents germplasm distinctly different from currently available rootstocks thus 
expanding the genetic diversity of the Australian citrus industry.  This new rootstock was 
named ‘Barkley’ in recognition of Mrs Patricia Barkley (Broadbent), one of Australia’s 
most distinguished citrus researchers.  A second new rootstock is poised for commercial 
development as final testing has been expanded.  The influence of rootstocks on fruit 
quality is no more strongly felt than is the case with citrus – and the choice growers 
make at the time of planting influences economic viability for the life of the orchard.  
Through a series of integrated breeding and evaluation experiments, this project has 
delivered new information and unique germplasm to give growers better choices for 
modern orchards, and deliver improved fruit quality to consumers. 

The project was built around five key experiments that captured research and 
development activities across the full spectrum of “risk verses return”.  Indeed, some of 
the activities that seemed “left-field” at the start of the project and with a high risk of 
failure now show promise of a high return on investment as new germplasm with 
commercial application.  For example, some native Australian citrus species have been 
used in the breeding program and after multiple generations of crossing are now 
showing promise in trials on commercial citrus orchards.  In their primitive state, these 
species are highly susceptible to viral infection and they die within a few years of 
planting.  Conventional breeding has solved this problem and created unique germplasm 
that is now beginning to reveal useful traits such as resistance to phytophthora diseases.  
This represents an important step forward for international breeding efforts. 

Large replicated trials have been established on commercial orchards with almost 500 
different genotypes currently being field tested at five diverse locations.  Many 
thousands more hybrids were screened for a range of important traits before choosing 
these genotypes for field trials.  Techniques to efficiently screen for Citrus tristeza virus 
resistance, phytophthora tolerance, salt tolerance and apomixis have been developed 
and refined during the project.  Large families of hybrids can now be quickly screened 
for most of the traits that are needed by the Australian citrus industry.  Close industry 
collaboration, monitoring and input have ensured this complex project stayed on track, 
achieved all of the promised outputs and delivered outcomes that are useful to 
commercial citrus businesses. 

 

 

Keywords 
citrus, breeding, rootstocks, disease resistance, salt tolerance, graft compatibility, fruit 
quality, citrus relatives, germplasm, citrus tristeza virus, phytophthora, apomixis 
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Introduction 
Better rootstocks are a zero-cost solution to many problems affecting commercial citrus 
production.  Of particular interest is the opportunity to improve fruit quality.  For 
example, Australia’s most important mandarin variety ‘Imperial’ is plagued by 
granulation problems which threaten to undermine consumer confidence in the 
category as a whole.  This makes ‘Imperial’ the obvious scion of choice for rootstock 
research, and success in previous research demonstrates how quickly growers will adopt 
new rootstocks that show promising results.  It is conservatively estimated that around 
100,000 new trees are planted commercially in Queensland each year, and nationally 
the figure is in excess of 300,000.  There is a significant opportunity to improve orchard 
performance by ensuring that these new planting utilise improved rootstock germplasm.   

International citrus rootstock research dates back more than a century and continues to 
be a driving force in modern citriculture development.  There has been a steady turn-
over of rootstock varieties with the increasing pressures brought about by disease, 
changing horticultural practices and market demands.  Queensland research in the 
1960s identified disease resistant rootstocks that were able to handle occasional salt 
problems during drought years as well as producing better quality fruit for the 
consumer.  Additional Queensland research during the 1990s identified another 
rootstock that further improved fruit quality, and extended orchard longevity. 

Rootstock research continued at Bundaberg Research Station during the early part of 
the century, all be it without funding support and consequent restrictions on activity.  
However this situation changed dramatically in 2013 when CT13004 “Qld Citrus 
Improvement Scheme: finding better rootstock for Australia” provided the necessary 
resources to up-scale the research.  This project brought a commercial focus to the 
research activity and captured an opportunity to get some quick industry outcomes by 
tapping-into the genetic progress and germplasm enhancement that has occurred over 
the previous 10 years.  New rootstock germplasm (both national and international) had 
already been obtained and established in the trials that were then evaluated as a 
component of this project providing a system for benching marking with the best work 
internationally.  Of greater significance was the rootstock breeding work captured by 
this new project.  There is no other rootstock breeding work in Australia, although major 
programs are underway in a small number of places including Brazil, Florida and Spain.  
Not surprisingly, their breeding objectives and commercial focus are different from 
Australian industry needs.  While the size and funding levels of these overseas programs 
are vastly superior to anything that could be justified in Australia, they lacked the broad 
genetic diversity and unique germplasm that characterise breeding populations at 
Bundaberg Research Station. 

The work was not funded from national citrus industry levys.  Instead, the project team 
had to rely on the generosity of the not-for-profit industry organisation ‘Queensland 
Citrus Improvement Scheme Inc.’ and the willingness of the Queensland Department of 
Agriculture and Fisheries to invest Royalty Funds.  These contributions were 
enthusiastically matched by HortInnovation who quickly recognised the value of the 
project and agreed to a Voluntary Contribution project.  Committee members of the 
Queensland Citrus Improvement Scheme Inc (QCIS) have life-long involvement in 
commercial citrus production and are committed to ensuring their industry remains 
economically viable and internationally competitive. They capture a diverse range of 
expertise, are recognised as leaders in their professions, operate internationally, and 
they share the view that new ideas and technology are essential to industry viability.  As 
successful business people they brought to the project a focus on efficiency, 
performance and the paramount importance of producing commercially useful outputs.  
Their pragmatic approach helped to ensure the project stayed on track, and that the 
funds they invested were used to produce long-term industry outcomes.   

The research itself was conducted by the citrus team at BRS.  Their work is 
internationally recognised and they are well connected with key programs around the 
world.  They are the only program to have discovered and named a new species (Citrus 
wakonai P.I.Forst. & M.W.Sm.) the Type Specimen of which is housed at BRS.  Further 
cementing their position as a leader in germplasm utilization is their world-1st success in 
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hybridising the sexually incompatible genera Citrus and Citropsis.  They have presented 
papers at world conferences, published in leading peer-reviewed journals, and serve on 
international Scientific Advisor Panels.  Their rootstock research experience included not 
only citrus but also mango and macadamia, giving a unique insight into how genetic 
improvements to the root system could best generate useful industry outcomes.  The 
BRS citrus team have extensive practical experience, have developed very efficient 
hybrid generation and screening procedures, have a thorough understand of the 
obstacles and opportunities associated with rootstock research, and are committed to 
generating outputs that improve grower returns.  The project served to strengthen 
these skills and develop new ones such as phytophthora and salt resistance screening.  It 
also provided an opportunity to link with DAF-funded molecular work on apomixis and 
generate publications that have helped to strengthen collaborations with other 
international citrus research groups. 

The project was built around five key experiments that captured research and 
development activities across the full spectrum of “risk verses return”.  Indeed, some of 
the activities that seemed “left-field” at the start of the project and with a high risk of 
failure now show promise of a high return on investment as new germplasm with 
commercial application. The project delivered the promised fast turn-around in industry 
adoption with one new rootstock now being supplied commercially and a second new 
rootstock about to enter large-scale commercial testing. Innovative research, a 
commitment to international collaboration, and a solid theoretical foundation built on 
more than 100 years of citrus research literature, have produced a project which has 
found better rootstocks for Australia and develop a genetic basis for continued 
improvement well into the future. 
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Methodology 
A significant portfolio of experiments was evaluated and further expanded during the project period.  The 

table below (Table 1) summarises these experiments and the data that was collected.  More detail is provided 

for most of these experiments in the subsequent discussion within this section of the report.  Some of these 

experiments are ongoing and data will be collated and prepared for publication (where appropriate) once the 

individual field trials are complete.  For experiments where the work is complete, a copy of the associated data 

summaries and publications is attached. 

Table 1: Summary of experiments assessed during the project period. 

Experiment Field 

planted 

Location Treatments Datum 

trees 

Annual data collection 

Tree 

growtha 

Productivity Fruit 

qualityb 

1 2004 Gayndah 34 420 2007-16 2014-16 2007-16 

2 2010c BRS 71 1,191 CTV replication and movement 

3 2011 Emerald 151 891 2014-18 2014-18 2014-18 

Extra Dd 2012 Mareeba 9 54 2015 2015 2015 

4 2013 Gayndah 245 490 2015-18 2015-18 2015-18 

4 2014c BRS 582 582 CTV screening 

Extra Ad 2016c BRS 1,407 1,407 Phytophthora screening 

5 2017c BRS 2,272 2,271 CTV & phytophthora screening 

Extra Bd 2017c BRS 182 194 Salt screening 

Extra Cd 2017c BRS 79 79 Apomixis screening 

Extra Ed 2017 Gayndah 17 90 2018 n.a. n.a 

5 2018 Wallaville 138 605 2017-18 2018 n.a 

a: includes measures of tree height, width and canopy volume, as well as trunk circumference 100mm above and below the graft union. 
b: includes measurements of granulation, fruit size, rind thickness, Brix, acid, digital photo. 
c: nursery experiment commencement date. 
d: not part of the original project document but added as a complementary activity. 
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Experiment One: Gayndah ‘Imperial’ Rootstock Experiment 

Background: 

An ‘Imperial’ rootstock trial was propagated in 2003 and planted on a commercial orchard at Gayndah in 

November 2004.  It contained 34 different rootstocks including Chinese germplasm, selections from local and 

overseas rootstock breeding programs, and some species native to Australia and PNG.  External funding for 

this work dried-up in January 2006 just as trees were starting to carry fruit.  However, because of the 

substantial effort that had gone into negotiating access to, and obtaining the germplasm, it was decided to 

maintain basic fruit quality assessments annually.  Consequently data exists for the period 2007 to 2012, but 

had not been entered or processed prior to CT13004. 

This project compiled and analysed existing information on tree survival and growth, and anticipated longevity 

(based on graft union benching and cracking) along with fruit quality data to determine the impact of 

rootstocks on fruit size, acidity, Brix and granulation.  Given the high seasonal variation in ‘Imperial’ 

granulation, and the critical importance of this quality trait to the marketing of Australian mandarins, the 

project also supported the continued annual collection of basic fruit quality data so that the spatial and 

temporal nature of granulation could be examined over a 10 year period.  This information was useful not only 

in terms of rootstocks but also in helping to understand the recalcitrant problem of granulation. Information 

was conveyed to nurserymen and growers in relation to the performance of current rootstock varieties as well 

as the new ones that showed promise.  Indeed, the Project Management Committee were so impress with one 

of the new rootstocks when they visited the trial site on 25th October 2016 that they insisted all growers be 

made aware of the results.  A field day was organised and coincided with the launch of the new rootstock 

‘Barkley’ which is now being produced by the national citrus seed scheme (AusCitrus). 

This field trial was the oldest experiment in the project (planted 2004) and all necessary information had been 

collected and the trial finalised by June 2016.  This reflects the desire of the project team to move onto new 

experiments, which incorporate knowledge gained from previous experiments, rather than continue to collect 

the same information for multiple decades.  Previous work by the project team had demonstrated that there 

was only limited value in extending rootstock experiment beyond about 10 years (Smith et al. 2004) and this is 

consistent with the views of other international researchers (e.g. Castle, 2010).  During the life of this 

experiment many new techniques had been developed to increase the efficiency of field data collection, and 

this knowledge was also of benefit to new experiments established by the project. Methods to complete 

quality assessment in the field (Figure 1), rather than carting large numbers of fruit samples back to the lab, 

represent an important technique to improving rootstock research efficiency. 
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Figure 1: The project team members assessing the Bakers Gayndah rootstock experiment in March 2014.  Most fruit quality 
assessments were completed in the field, and in subsequent years further improvements in efficiency were achieved through the 
use of a portable shade canopy and the digital image capture of granulation samples. 

Summary performance data. 

To coincide with the Field Day at the trial site (7th March 2017), the project team summarised all available 

information and provided a handout to those in attendance.  Rootstocks of interested were colour-coded on 

the handout and matched to colour coded labels that were placed on the different trees in the trial. This 

information is presented below: 
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Canopy Surface Area (m2) 

 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Barkley 11 14 17 22 26 27 28 31 32 34 

Anjiang hongju 12 13 17 24 30 24 25 28 28 31 

Caoshi xiangju 15 19 24 27 33 32 33 34 36 35 

Hongpi suanju 12 15 20 23 26 31 33 31 35 35 

Xiecheng 11 13 18 22 23 28 30 30 33 40 

Zhuhongju 12 14 19 21 27 27 28 28 32 31 

Cleopatra 11 13 18 24 28 28 29 32 38 38 

Nianju 14 15 20 26 28 31 32 33 37 37 

US812 15 18 22 28 31 31 34 34 36 36 

Cox 12 15 19 20 27 30 32 34 37 39 

Hongju 13 15 19 23 28 30 31 33 36 37 

Jinju 13 14 17 23 28 30 32 33 37 38 

Goutou D2 12 14 17 21 27 29 31 32 28 25 

Goutou D3 13 14 17 21 26 26 24 28 29 27 

Swingle 14 17 20 24 31 31 34 35 38 36 

Shantou suanju 9 11 15 20 27 26 27 29 29 30 

Gulin jinqianju 14 19 22 28 32 34 36 38 42 42 

Jiangjing suanju 14 15 17 26 25 26 26 25 27 28 

Ichang No.4 5 5 6 8 12 11 11 12 11 14 

Ichang 2-3 4 4 5 6 7 10 9 11 11 13 

Troyer 12 14 19 28 29 34 33 31 39 43 

Troyer341 14 17 22 28 33 34 36 36 37 42 

Fraser 10 12 14 18 25 26 26 29 33 36 

 

  

Draft Performance Data:  For use at the joint field day, 
Gayndah March 7th 2017. 

 

This information is intended for the use of field day 
participants only, to aid in their on-site assessment of 
rootstock performance.  Explanation of the data will be 
provided during the field day. 
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Crop Load (canopy fruit density 0=no fruit, 10=extremely dense) 

 2014 2015 2016 

Barkley 4.65 5.64 6.75 

Anjiang hongju 3.65 5.11 5.80 

Caoshi xiangju 4.95 5.03 5.16 

Hongpi suanju 3.93 4.82 4.79 

Xiecheng 4.34 3.64 6.16 

Zhuhongju 4.80 4.48 5.24 

Cleopatra 3.40 4.29 5.29 

Nianju 3.15 4.82 4.69 

US812 4.15 4.63 5.47 

Cox 3.30 4.06 6.19 

Hongju 3.30 4.52 5.46 

Jinju 2.68 5.00 4.59 

Goutoucheng D2 4.05 5.29 6.98 

Goutoucheng D3   6.76 4.69 

Swingle 4.78 5.25 7.81 

Shantou suanju 3.93 4.07 7.29 

Gulin jinqianju 4.08 5.01 5.65 

Jiangjing suanju 2.80 4.96 6.72 

Ichang No.4 6.34 5.36 4.57 

Ichang 2-3 3.78 3.14 4.86 

Troyer 5.65 4.44 7.06 

Troyer341 4.60 3.20 7.93 

Fraser 3.70 2.96 7.55 

Average Fruit Weight (g) 

 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Barkley 163 122 112 95 96 95 106 102 120 87 

Anjiang hongju 142 119 105 96 90 93 101 87 108 86 

Caoshi xiangju 143 98 106 90 94 96 101 84 109 90 

Hongpi suanju 135 103 102 93 89 90 108 83 107 80 

Xiecheng 146 120 109 93 93 95 105 84 111 83 

Zhuhongju 140 118 104 89 98 95 105 79 111 87 

Cleopatra 152 112 98 94 84 91 93 82 102 83 

Nianju 148 108 101 94 84 91 100 84 105 84 

US812 157 109 106 94 95 102 100 98 111 88 

Cox 147 110 105 93 99 103 108 96 115 85 

Hongju 138 113 106 91 97 95 100 77 102 78 

Jinju 148 114 113 97 94 96 101 87 110 86 

Goutou D2 133 108 103 97 89 89 105 105 106 71 

Goutou D3 135 100 101 94 91 93 107 92 99 86 

Swingle 146 114 112 98 95 96 105 89 120 77 

Shantou suanju 152 115 95 98 94 91 98 94 122 73 

Gulin jinqianju 143 109 105 96 90 97 104 86 109 85 

Jiangjing suanju 163 108 109 93 93 95 103 96 112 86 

Ichang No.4 192 122 119 108 98 109 106 90 98 98 

Ichang 2-3   115 131 119 100 127 105 101 107 74 

Troyer 152 113 108 92 93 93 99 90 129 85 

Troyer341 156 117 107 98 101 95 106 105 125 82 

Fraser 143 115 111 95 93 99 105 101 124 78 
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Granulation (0=none, 5=extremely granulated) 

 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Barkley 1.65 2.02 1.42 0.75 1.83 1.30 1.09 0.45 1.00 1.29 

Anjiang hongju 1.92 1.58 1.06 1.08 2.08 1.77 1.35 1.06 0.99 1.74 

Caoshi xiangju 1.63 1.57 0.86 0.92 2.03 1.58 1.41 0.48 0.83 1.84 

Hongpi suanju 1.49 1.42 0.76 1.13 1.43 1.21 1.20 0.73 0.70 1.31 

Xiecheng 1.44 1.88 1.01 0.71 1.33 1.19 0.95 0.82 0.88 1.16 

Zhuhongju 1.78 1.47 0.77 0.95 2.15 1.39 1.60 0.43 0.88 1.53 

Cleopatra 2.03 1.42 0.58 0.82 1.42 0.78 0.72 0.80 0.83 1.28 

Nianju 1.73 1.37 0.92 0.68 1.40 1.20 1.20 1.23 0.67 1.35 

US812 1.53 1.58 0.94 1.44 1.98 1.73 1.43 0.96 1.13 1.44 

Cox 1.50 1.30 1.20 1.78 2.21 1.44 1.40 1.08 0.96 1.18 

Hongju 1.53 1.35 0.86 0.83 1.17 1.24 1.18 0.80 0.80 1.39 

Jinju 1.38 1.78 1.06 1.11 1.73 1.12 1.35 1.62 0.95 1.53 

Goutou D2 1.62 1.40 1.01 1.23 2.41 1.68 1.18 0.97 0.92 2.34 

Goutou D3 1.85 1.55 1.16 1.11 2.15 2.18 0.98 0.77 1.06 2.08 

Swingle 1.79 1.20 0.99 1.07 1.55 1.64 0.92 1.36 0.94 1.26 

Shantou suanju 1.48 1.97 1.06 1.83 1.99 1.67 1.15 1.03 1.22 1.33 

Gulin jinqianju 1.75 1.20 0.63 0.65 1.65 1.48 1.33 1.13 0.89 1.61 

Jiangjing suanju 1.66 1.37 0.79 1.33 1.69 1.54 0.88 1.03 0.83 1.55 

Ichang No.4 2.46 2.42 1.60 1.79 2.49 1.63 1.34 0.78 1.23 2.88 

Ichang 2-3  2.02 1.67 1.66 3.11 1.92 1.56 1.63 1.48 1.72 

Troyer 1.85 1.67 1.02 1.37 1.83 2.17 0.87 1.16 1.24 1.60 

Troyer341 1.90 1.50 0.99 1.34 1.93 2.23 1.16 1.50 1.20 1.67 

Fraser 1.92 2.08 1.42 1.52 2.28 1.79 0.89 1.05 1.28 1.24 

 

 

 

Australian Citrus Standard (based on BrimA) 

 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Barkley 122 114 114 115 112 105 121 142  110 

Anjiang hongju 127 125 118 124 122 115 122 155  117 

Caoshi xiangju 126 121 123 119 123 116 118 148  107 

Hongpi suanju 124 115 115 118 124 108 111 137  104 

Xiecheng 125 118 114 119 116 107 115 143  110 

Zhuhongju 125 121 120 119 122 119 117 150  110 

Cleopatra 131 120 114 124 122 103 114 135  100 

Nianju 126 116 114 115 118 103 104 144  89 

US812 123 119 124 121 118 105 123 145  103 

Cox 115 112 121 121 115 102 109 141  106 

Hongju 130 130 124 118 117 108 114 135  102 

Jinju 120 113 112 114 117 98 111 132  100 

Goutou D2 129 121 120 121 118 108 116 148  122 

Goutou D3 133 122 125 123 122 122 123 162  124 

Swingle 123 128 126 126 119 111 121 153  112 
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Shantou suanju 124 118 119 109 116 105 115 140  115 

Gulin jinqianju 129 122 120 118 116 108 111 147  109 

Jiangjing suanju 122 125 125 121 116 103 119 144  110 

Ichang No.4 121 115 113 114 118 118 119 134  113 

Ichang 2-3  119 112 111 122 117 116 144  119 

Troyer 125 123 121 122 115 107 127 146  119 

Troyer341 125 116 121 124 120 109 124 148  117 

Fraser 126 115 116 116 117 109 119 146  109 

 

 

 

Brix (degrees) 

 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Barkley 10.1 9.7 10.2 9.8 10.1 10.2 10.8 12.7  11.7 
Anjiang 
hongju 10.5 10.4 10.6 10.2 10.6 10.8 11.4 13.4  12.4 

Caoshi xiangju 10.6 10.5 10.7 9.9 10.5 10.8 11.2 13.2  12.3 

Hongpi suanju 10.2 10.0 10.4 10.1 10.9 11.3 11.4 13.4  12.5 

Xiecheng 10.3 10.0 10.2 10.0 10.4 10.6 11.3 13.4  12.2 

Zhuhongju 10.4 10.2 10.7 10.0 10.5 11.0 11.3 13.2  12.1 

Cleopatra 10.4 9.9 10.2 10.4 10.7 10.6 11.6 13.1  12.2 

Nianju 10.3 10.2 10.4 10.1 10.7 10.7 11.3 13.9  12.5 

US812 10.2 10.1 10.6 10.2 10.4 10.6 11.6 13.0  12.0 

Cox 9.8 9.8 10.4 9.8 10.3 10.2 11.0 12.4  11.7 

Hongju 11.0 11.1 11.0 10.5 10.6 11.4 11.2 13.6  12.5 

Jinju 10.2 9.9 10.2 9.9 10.3 10.2 11.1 13.0  12.2 

Goutou D2 10.6 10.1 10.3 9.9 10.1 10.6 10.4 12.8  12.4 

Goutou D3 10.6 10.3 10.6 9.7 10.3 11.1 10.8 13.5  12.1 

Swingle 10.2 10.8 10.8 10.4 10.5 10.9 11.3 13.3  12.1 
Shantou 
suanju 10.2 10.0 10.5 9.5 10.1 10.4 11.0 12.9  11.9 
Gulin 

jinqianju 10.7 10.3 10.9 10.1 10.5 10.5 11.3 13.6  12.5 
Jiangjing 
suanju 10.1 10.4 11.0 10.0 10.2 9.9 11.1 12.8  12.3 

Ichang No.4 9.4 9.5 10.0 9.4 9.7 10.4 11.1 12.0  11.1 

Ichang 2-3  10.3 10.1 9.3 9.9 10.4 10.9 12.2  12.1 

Troyer 10.3 10.4 10.6 10.0 10.3 10.9 11.4 13.4  11.9 

Troyer341 10.5 10.0 10.7 10.1 10.4 10.8 11.2 13.1  11.9 

Fraser 10.3 9.7 10.0 9.7 10.0 10.1 10.9 11.9  11.3 

Understanding granulation 

Granulation in ‘Imperial’ mandarin remains one of the biggest fruit quality challenges for the Australian citrus 

industry.  This project provided a truly unique data set in which the extent of granulation was measure for a 

large number (140) of individual trees for 10 consecutive seasons. As a prelude to more detailed modelling by 

physiologists, the project took a preliminary look at this data in an attempt to better understand the problem.  

It was already known that the trait of granulation was extremely difficult to accurately phenotype. 
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Fruit granulation data was collected every season from 2007 to 2016.  Ten replicates (centre tree of a 3-tree 

plot) were available for the ‘Troyer’ rootstock treatment and so the analysis has been based on this treatment.  

Table 2 shows the average granulation of 10 individual trees over 10 consecutive seasons. 

Table 2: Granulation level of 10 individual ‘Imperial’-on-‘Troyer’ trees over 10 consecutive seasons of cropping, rated on a scale 0=no 

granulation to 5=complete granulation, Gayndah 2007-2016. 

 Tree Number   
29 44 116 143 194 197 287 305 344 383 Average 

2007 1.42 1.42 1.75 1.67 1.83 2.42 1.92 2.50 1.83 2.00 1.88 

2008 0.58 1.33 0.75 2.42 1.25 1.83 2.00 2.00 2.08 1.58 1.58 

2009 0.88 1.29 1.13 0.58 0.38 0.79 0.33 1.71 1.54 1.42 1.00 

2010 0.92 0.92 1.17 1.42 1.42 1.46 1.75 1.58 1.50 1.42 1.35 

2011 2.08 1.83 1.33 2.33 1.25 2.33 2.00 1.92 1.58 2.17 1.88 

2012 1.83 1.75 2.33 2.75 1.79 3.42 1.96 2.29 2.17 1.71 2.20 

2013 0.75 0.50 0.58 1.42 1.17 1.83 1.75 0.58 0.42 1.13 1.01 

2014 1.25 1.58 0.75 1.00 1.42 1.42 2.17 0.88 1.25 1.58 1.33 

2015 0.58 1.17 1.75 1.50 1.79 2.25 1.67 1.46 1.50 1.50 1.52 

2016 0.83 1.08 1.25 1.75 2.08 2.58 2.08 1.75 1.17 1.33 1.59 

 Total 1.11 1.29 1.28 1.68 1.44 2.03 1.76 1.67 1.50 1.58 1.54 

It is clear from Table 1 that the 2012 and 2011 seasons were the worst for granulation whereas 2009 and 2013 

had fewer problems.  In a bad year (2012) granulation for the 10 trees ranged from 1.71 to 3.42, and even in a 

good year (2009) it ranged from 0.33 to 1.71.  Such wide within-season variation between genetically identical 

trees makes it difficult to describe rootstock genetic effects on granulation.  Averaged over 10 seasons, Tree 

197 had almost twice the granulation (2.03) of Tree 29 (1.11), and this between-tree variation was almost as 

large as the seasonal variation over the 10 years (1.00 vs 2.20).  To remove some of the seasonal variation, the 

data was re-examined using a 3-year rolling average.  Results are shown in Figure 2. 

 

Figure 2: Seasonal variation in granulation for 10 individual trees of ‘Imperial’-on-‘Troyer’, using a 3-year rolling average such that 

data for 2009 is the mean of 2007-2009, data for 2010 is the mean of 2008-2010 etc. 
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These results illustrate that individual trees do not all follow the same pattern of seasonal variation.  Thus 

while trees like 197, 143 and 29 show a sharp increase in granulation toward the middle of the experiment and 

then quickly improve again, other trees like 194 and 287 tend to steadily increase throughout the life of the 

experiment.  Even with a 3-year rolling average some trees range widely over the course of the experiment 

(e.g. 197, 29) where as others (e.g. 44) remain fairly constant.  Variation between individual trees is further 

tested in Figure 3 where we examine whether granulation performance in the first 5 years of the experiment 

can be used to predict granulation in the second half of the experiment. 

 

Figure 3: Relationship between average granulation in the first-5-years and last-5-years of the experiment for 10 individual trees of 

‘Imperial’ on ‘Troyer’. 

There was a weak relationship between granulation in the first 5 years and granulation in the last 5 years 

(R2=0.1663).  This relationship becomes stronger when compared with granulation over the total 10 year 

period (as would be expected because of co-correlation), and even stronger when granulation in the last 5 

years of the experiment was compared with granulation over the whole 10 years.  This relationship warrants 

further assessment on a different data set (different experiment) as it tends to suggest that results from older 

trees provides a more accurate indication of overall granulation of individual trees. 

Results in Figure 2 suggested that individual trees like 29 and 197 show wide seasonal variation in granulation, 

in contrast with trees like 44 and 116.  Consequently, we were interested in seeing whether trees 29 and 197 

also had higher levels of variation within the fruit samples collected each season; the granulation rating for 

each tree is based on a 12-fruit sample (based on previous experience) and variation between individual fruits 

in this sample can be high.  To complete this analysis, the standard deviation of the 12 fruit sample was 

calculated for each season and then a 3-year rolling average of standard deviation plotted in Figure 4. 
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Figure 4: Variation of within-sample-variability (standard deviation of a 12 fruit sample) for 4 individual trees that showed high 

seasonal granulation variability (29, 197) and low seasonal granulation variability (44, 116) over a 10 year period (3-year rolling 

average). 

 

 

The 10-year average standard deviations for the 4 trees were very similar (range 0.79 to 0.84) and it can be 

seen from Figure 3 that trees with high seasonal variation (29, 197) were no more, or less, variable within the 

12-fruit sample.  This suggests that the variation within the 12-fruit sample is not an indication of the 

likelihood of a particular tree having higher seasonal granulation variability.  An unexpected consequence of 

plotting the data in Figure 3 is that trees 44 and 197 show a similar pattern of change over the life of the 

experiment, and likewise trees 29 and 116 have a similar pattern that is distinctly different from 44 and 197.  

Understanding the variability within-samples (12-fruit per tree) and between-trees (of genetically identical 

rootstock/scion combinations) will greatly aid the task of understanding the factors that cause granulation in 

‘Imperial’ mandarin.  Data collected during this rootstock project, while primarily aimed at identifying 

rootstock effects on granulation, will be of use to any future studies of granulation and will be made freely 

available to anyone involved in this challenging task. 

Clear rootstock differences in ‘benching’ at the graft union were observed, with the new rootstock ‘Barkley’ 

showing vastly superior performance to ‘Troyer’, and and even exceeding the performance of ‘Cleopatra’ 

(which is normally considered to have a smooth graft union with ‘Imperial’) (Figure 5).  This trial also showed 

how a rootstock like ‘Swingle’ can perform well in the first few years and then be disastrous in terms of long-

term graft compatibility (Figure 6). 
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Figure 5:  Graft union compatibility was a major consideration for growers inspecting the field trial at the launch of 
‘Barkley’ rootstock in March 2017.  The LHS shows how ‘Troyer’ develops incompatibility at around 10-15 years old 
resulting in sucker production, canopy decline and eventually tree death.  Even the preferred choice for compatibility 
‘Cleopatra’ RHS shows a more pronounced graft union than the new rootstock ‘Barkley’. 

 

  
 
Figure 6: Breeding team member Toni Newman with an extreme example of the impact of delayed graft incompatibility.  
‘Pinching’ at the graft union is causing canopy defoliation and death.  The fruit is unmarketable and trees soon die after 
reaching this stage. 
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Experiment Two: CTV Replication and Movement in Advanced 
Rootstocks 

Background: 

Citrus tristeza virus (CTV) tolerance/resistance is essential for any rootstock used in Australia.  The biology and 

horticultural implications of CTV are very complex, but from a practical viewpoint it is essential to know which 

rootstocks will enable commercial production and which will decline.  In terms of future breeding it is also 

necessary to differentiate between rootstocks that allow the virus to replicate without affecting tree 

performance, verses those rootstocks that are truly resistant and will not allow virus replication.  To address 

these needs an extensive range of germplasm was grown under screen house conditions (to prevent natural 

infection from aphids), then deliberately inoculated using CTV-infected budwood.  Each tree was 

simultaneously budded with virus-free budwood a short distance above the infected bud.  New shoots from 

the rootstock, infected bud, and clean bud were later serologically tested to determine whether the rootstock 

supported CTV replication, movement or both.  The project enabled the processing of this background 

information on CTV performance to determine the commercial value of these new rootstocks, as well as 

selecting parents for better informed breeding.  Consequently, the new project completed the description of 

1,400 individual plants from 70 different genotypes that were assessed for CTV movement and replication.  It 

also supported the serological testing of field-grown trees that were propagated on these different rootstocks 

using both CTV-infected and CTV-free ‘Imperial’ budwood.  Mandarins are recognised as symptom-less carriers 

of this virus even though small differences in performance have been previously noted between CTV-infected 

and CTV-free trees.  The project showed that trees were rapidly infected under commercial orchard conditions 

but that initial virus status had no impact in terms of growth and production.  The role of rootstocks with 

differing CTV reaction was also assessed for their impact on field infection and early tree performance.  

An unexpected benefit of this component of the project was that it pointed the breeding team toward 

genotypes that could transmit two critically important rootstock traits, namely CTV resistance and apomixis. At 

the start of the project in 2013 it was believed that these two traits could be introgressed from Poncirus 

trifoliata, but results soon showed that Poncirus was a poor source of the apomixis trait.  Consequently, we 

needed to find another genotype that could transmit apomixis but that also had the excellent CTV resistance 

acquired from Poncirus.  Data from Experiment Two provided exactly this required information.  As a 

consequence, all subsequent pollinations in the rootstock breeding work employed these identified genotypes 

and Poncirus is no longer used in Australian rootstock breeding.  The Project has pioneered this strategy and 

our results created vigorous debate at the recent International Citrus Biotechnology Conference in Uruguay 

(April 2018) with other international breeders who persist in the use of Poncirus.  By combining the use of the 

gentoypes identified in Experiment Two, with new molecular markers for apomixis, we have been able to 

reverse the conventional crossing direction (apomictic pollen parent rather than apomictic seed parent) and 

thus rapidly generate very large segregating populations to which high selection intensity can be applied for 

multiple traits. 

Trees for this experiment where propagated in the insect-proof facility at BRS to prevent contamination by 

aphid vectors of CTV.  The deliberate bud inoculation and serological testing were also carried out within this 

structure. 
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Figure 7: (a) Trees with the insect proof facility at BRS having been bud inoculated and then (b) individually blotted onto 
nitrocellulose paper and then test for the presence of virus using a CTV antibody 

 

Details of the process and findings of this component of the project were presented as a poster at the 

International Citrus Congress in Brazil in September 2016 (self-funded) and published as a manuscript in Citrus 

Research & Technology: 
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Experiment Three: Emerald ‘Imperial’ Rootstock Experiment 

Background: 

More than 50 years of research, in breeding programs in both NSW and California, has gone into developing a 

series of potential rootstocks that had yet to be commercialised.  Recognising an opportunity, this advance 

germplasm was introduced to BRS in 2005 and 2008 and quickly propagated into a new rootstock experiment 

which was planted on a commercial property at Emerald in August 2011.  Twelve rootstocks from the NSW 

program and 12 from California were included, with ‘Imperial’ mandarin again chosen as the scion (because of 

its commercial significance AND quality problems).  A further 42 rootstocks representing hybrids bred at BRS 

and industry standards were included to bring the number of different genotypes to 66.  Of these, 49 were 

included with both CTV-infected and CTV-free ‘Imperial’ budwood.  This brought the total number of 

treatments to 151, with 891 trees in the experiment. The project assessed the impact of this extensive range 

of rootstocks on ‘Imperial’ fruit quality and tree performance.  The site was visited annually just prior to 

harvest and each plot assessed for fruit size, juice acid and Brix, and granulation.  Graft unions were measured 

along with canopy development both before and after the commencement of annual tree topping by the 

orchard owner.  Trees were rated for health, and a new and innovative technique developed for efficiently 

assessing crop load.   

Included within this trial were 27 full-sib families generated from monoembryonic seed parents.  Each of these 

families was treated as a different rootstock, when in fact every tree within each family is genetically different 

– unlike the normal polyembryonic rootstocks where each tree is genetically identical to the parent tree (due 

to apomixis).  One of the purposes of these 27 full-sib families was to test whether such families actually result 

in more variability compared to nucellar rootstocks.  It is commonly believed that commercial rootstock 

varieties must be nucellar, so that resulting orchards are uniform.  Evidence from rootstock experiments with 

mango and avocado indicate that this is not the case.  If the same can be demonstrated for citrus then it may 

be possible to incorporate increased genetic diversity into commercial orchards without compromising 

uniformity.  Furthermore, family selection rather than mass selection is more effective at improving traits with 

low heritability (such as yield) so this trial tested a new methodology to improve traits that are normally 

difficult to improve. Although not originally recognised at the start of the project, this new methodology also 

dove-tailed very effectively with the strategy of acquiring the apomixis and CTV-resistant traits from the pollen 

parent (see discussion in Experiment Two) and adds to the strong theoretical foundation underling the 

rootstock breeding approach used in the Bundaberg program. 

The trial site was intentionally chosen because it was considered of marginal suitability for citrus, and so tested 

the 66 rootstocks for phytophthora and survival on poorer re-plant ground.  High quality “citrus soils” in a 

virgin state are now quite rare even in Australia, and there seem little point in testing rootstock under such 

ideal conditions.  It is far more sensible to identify rootstocks that enable high quality production on marginal 

country where infrastructure already exists. The first harvest and assessments were completed in April 2014 

and subsequently in March/April for 2015, 2016, 2017 and 2018.  Thus five seasons of data were successfully 

captured during the project period and this information has already pointed us to one particularly promising 

rootstock.  While still too early for wide-scale promotion to industry, a commercial quantity of seed of this 

promising rootstock has been supplied to the collaborating grower who has agreed to test it on a larger scale.  

It has excellent resistance to CTV, produces consistent yields on moderate size trees and shows good graft 

union compatibility.  Early results from this experiment were also used to guide the choice of parents in our 

hybridisation work and these decisions, based on very preliminary observations, have been substantiated by 

consistent performance in subsequent seasons.  Thus this field trial has not only identified a potential new 

commercial rootstock but also identified parents for future breeding.  Furthermore, in what is one of the most 
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surprising findings of the whole project, this field trial has revealed a new potential source of vigour control in 

rootstock breeding.  It is planned to explore this discovery in a future project.   

Despite these successes, we have been unable to identify a rootstock to solve the long-standing problem of 

‘Imperial’ granulation.  While it is possible to identify rootstock that consistently give high levels of 

granulation, the tasks of finding genotypes that consistently reduce the problem is far more challenging.  

However, some potential parents for reduced granulation were identified based on the first few seasons of 

data and have been used as parents to breed new genotypes.  These new hybrids are now starting to come 

through the screening program and hopefully can be evaluated in future work. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: (a) Trees of ‘Imperial’ on 66 
different rootstocks propagated at BRS and 
ready for dispatch to the trial site at 
Emerald. (b) Trees laid out in the required 
experimental design, with 3-tree plots and 
each tree carrying a code associated with 
its individual performance while in the 
nursery at BRS. (c) trees shortly after the 
completion of planting, Emerald, 4th August 
2011.. 
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Figure 9: Field crew strip-picking 
one of the 40 Individual 
calibration trees in April 2017.  
This process was repeated each 
season so that the visual 
estimate of crop load (from 852 
datum trees) could be correlated 
with actual fruit production to 
produce a predicted yield for 
each tree.  Note also the 
extensive and non-fruiting 
vegetative growth that has 
occurred after topping to a 
height of 3m eight months 
earlier. 

 

 

 
Figure 10:  Major differences in scion vigour have been induced by some of the rootstocks being tested in this experiment.  Note 
the significant size reduction of the centre three trees in the photograph compared with the rootstock trees on either side. Note 
also the extreme amount of vegetative growth that has occurred on the vigorous tree following topping  8 months earlier. 
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Figure 11: (a) A photographic 
record has been made of every 
plot in this experiment for the 5 
seasons of fruit assessment 
conducted during the project 
period. Because the trial design 
involves 3-tree plots, the top 4 
fruit are from the northern tree in 
the plot, the centre 4 fruit from 
the centre tree of the plot, and 
the bottom row of 4 fruit from 
the southern tree in the plot, with 
a combined juice samples. (b) 
arrangement used to record 
images and (c) collecting other 
data associated with each sample. 
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Figure 12: Graft union compatibility is an important consideration, particularly for scions such as ‘Imperial’. The 
rootstock on the left has produced a smooth union indicative of a long-lived combination.  This rootstock has other 
promising attributes and seed has been supplied for wider scale commercial testing.  The rootstock on the right is 
‘X639’ and is clearly unsuitable for use with ‘Imperial’.  The trees have been unproductive and fruit have shown an 
unusual physiological rind breakdown. 

 

A new method for estimating tree yield has been developed by the project.  .  This involves estimating crop 

load using a visual rating system in which each tree is given a ‘fruit density’ ratings (on a 0 to 10 scale) by five 

people working independently.  Four sets of 10 adjacent trees are then chosen at random and the fruit from 

each of these 40 trees individually harvested and weighted.  The ‘fruit density’ ratings are then calibrated 

using these 40 actual tree yields and the equation used to estimate yields for each tree in the experiment.  A 

simple linear equation was derived with an R-square value 0.71 in 2015, 0.70 in 2016 and 0.73 in 2017, which 

is sufficient to differentiate between low and high yielding rootstocks in this experiment (Figure 13). 

 

Figure 13: Yield calibration equation generated from 40 individual ‘Imperial’ trees at the Emerald rootstock trial in April 2017.  Data 
from the visual rating score (Y axis) provides a reasonable estimate of the actual weight of fruit on each tree (X axis).  This equation 
was then used to estimate yield for all 891 trees in the experiment. 
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Experiment Four: Breeding new P.trifoliata hybrids with CTV 
resistance 

Background: 

P. trifoliata (known as “tri”) is an inedible citrus relative that has made an extraordinary contribution to 

modern citriculture.  While direct use as a rootstock has many limitations, its use as a parent in rootstock 

breeding has resulted in hybrids that acquire resistance to CTV, phytophthora, and produce good fruit quality.  

Intellectual property considerations and commercialisation constraints have made it increasingly difficult to 

acquire new rootstocks for testing and even more complex if any of these show promise and need to be made 

available to growers.  Indeed, the BRF citrus team reasoned that it may be faster and more efficient to breed 

our own rootstock hybrids, than to negotiate the long path with getting access and use agreements for 

externally bred material.  To test this proposition a series of hybrids with P. trifoliata were created in 2007/8 

and when they were of sufficient size deliberately inoculated using budwood infected with CTV.  Serological 

testing and confirmation over a two year period identified a range of hybrids truly resistant to this virus.  

Cuttings were taken from each of these young CTV-resistant plants and used to produce nursery trees for a 

future rootstock experiment, while the original seedling was field planted at BRF to enable it to pass through 

the extended juvenile period prior to its first production of fruit.  The project CT13004 enabled the 

continuation of this large-scale rapid development process.  Of the more than 700 P. trifoliata hybrids 

produced, the work had already discovered 235 that were resistant to CTV and propagated them as cutting 

ready for testing as rootstocks.  Using ‘Imperial’ as the scion variety, this project conducted the budding of 

these rootstocks and their field-planting on a commercial orchard in 2013 (Sheppherds Gayndah Rootstock 

Experiment).  Tree survival and growth were assessed throughout the project, and three seasons of fruit 

quality data were also generated within the project period.  By the end of the project, many of the source 

trees at BRS had passed through their juvenile phase and were producing fruit/seed.  Indeed, a small number 

of the hybrids, that had completed their transition through the juvenile phase, were incorporated into the 

2016 and 2017 pollination plans, based in part on their performance in the field trial at Gayndah.  It was 

originally envisaged that outstanding performers from the rootstock experiment could be propagated using 

seed from the source trees and supplied to nurserymen for semi-commercial testing. However, the discovery 

of low levels of apomixes when using P. trifoliata as a parent meant that such seed would not come true-to-

type.  This was an important discovery with implications for more efficient breeding in the future, and when 

combined with the knowledge gained from Experiment One it pointed the breeding team to a new strategy for 

rootstock breeding.  While P. trifoliata is well recognised as an outstanding parent in rootstock breeding, it is 

remarkable how little attention has been given to the other parent used in the cross.  Indeed, there is no 

information anywhere in the world to say which parents are most likely to give hybrids that result in the best 

fruit quality – despite the fact that rootstocks are well recognised as one of the best ways to change fruit 

quality!  The 700 BRs hybrids were produced using 27 different seed parents all crossed with P. trifoliata, so 

data from this experiment may eventually help to fill this knowledge gap (once a few more years of growth, 

productivity and fruit quality data become available). 
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Figure 14 (a) Trees in Experiment Four, 20 months after planting showing difference in early tree establishment on these single-
tree plots. (b) trees in 2018 (5 years after planting) with the breeding team illustrating how some rootstock treatments have 
induced a highly productive canopy of short stature while other rootstocks have produced vigorous trees with very limited fruit.  
On the far LHS is another rootstock with a large and productive canopy. 

 

 

 

  

 
Figure 15: Some of the variability in granulation seen between individual trees at Experiment Four during the 2017 assessment 
season. 
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Experiment Five: The Commercial Value of “Extreme hybrids” as 
Rootstocks 

Background: 

There is a huge amount of genetic diversity in Citrus and its close relatives but, other than P. trifoliata, very 

little of this has ever made any impact on commercial citrus growing.  Past breeders, particularly in the USA, 

have attempted to capture useful traits from this material but failed, and most current breeding programs use 

a very narrow range of germplasm (just a few orange, mandarin and grapefruit varieties crossed with P. 

trifoliata).   A concerted effort by the BRs citrus team has seen the Queensland germplasm collection expand 

to be one of the most diverse in the world, and pollination experiments have identified the reasons why past 

breeders failed with such material and how these problems can be overcome.  Consequently, there are now 

available what might be called “extreme hybrids” that capture the genetics of distant relatives and put them in 

a background that should make them commercially applicable. This project supported the evaluation and 

continued development of ‘extreme hybrids’ focusing on their value as rootstocks for commercial citrus 

production.  Material was propagated into rootstock experiments and rapidly assessed for likely commercial 

suitability.  Tested material included the first fruiting intergeneric hybrids ever produced between Citrus and 

Citropsis, as well as a series of Australian Desert Lime [Citrus glauca (syn. Eremocitrus glauca)] hybrids that had 

been bred with CTV resistance.  These ‘extreme hybrids’ ended up in two large field experiments that were 

planted during the project period.  Information on the potential commercial merit of some of these ‘extreme 

hybrids’ was generated as a result of data collected from these field experiments as well as additional nursery 

experiments.  To overcome delays caused by juvenility and sterility, these ‘extreme hybrids’ were propagated 

as cutting and then budded with ‘Imperial’ before field planting.  Any new germplasm must be suitable for 

efficient nursery production, so data on nursery growth rates, survival and ease of budding was collected and 

many hybrids discarded simply because of poor nursery growth. Some of the parents included in this 

component of the project, which have never been successfully incorporated into conventional citrus 

production, include Citrus glauca (Australian Desert Lime, Lime Bush), C. australasica (Finger Lime), C. australis 

(Australian Round Lime), C. garrawayi (Mt White Lime), C. wintersii (PNG species), C. wakonai (unique to BRF), 

Severinia buxifolia (Box Orange), and four Citropsis species (African cherry oranges).  One of the key reasons 

why much of this germplasm has never lived up to expectations, is that it is highly sensitivity to CTV.  

Consequently, a major activity in the project was to introgress CTV-resistance into this unique germplasm via 

conventional breeding and then screen it by direct inoculation and serological testing.  The BRS citrus team has 

identified a number of alternative sources of CTV-resistance in addition to P. trifoliata, and experiments 

designed to test the heritability of these exciting new sources of resistance was initiated during the project.  

Eventually it is hoped to use molecular methods to confirm if any new heritable sources of CTV-resistance are 

conferred by the same genes involved as those from P. trifoliata.  Some preliminary work toward this objective 

was undertaken in a related project (see Additional project related activity C) in which we attempted to verify 

molecular markers for CTV-resistance that had been developed and published by other international research 

groups. 

To speed-up the development and commercial release of better rootstocks, the project has relied on cutting 

generated from young hybrid seedlings.  This overcomes the long (5-10 year) delay waiting for hybrids to start 

to produce seed and also overcomes issues created by non-apomicitic hybrids.  In the case of ‘extreme 

hybrids’ it also solves the problem of infertility which is common in wide crosses (which may never produce 

seed).  Our process for producing cutting is simple, efficient, and well suited to dealing with a large number of 

different genotypes at the same time.  It is shown pictorially below (Figure16): 
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Figure 16: The process used for producing most of the 
rootstock trees established in field experiments during the 
project.   
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It has proven difficult to generate hybrids from many of the citrus relatives, although the availability of potted 

mature trees within the nursery facility at BRS has enable crosses to be made whenever flowers become 

available (Figure 17). 

 

Figure 17: Early fruit set on a citrus relative being used to generate ‘extreme hybrids’ for testing as rootstocks.  In this case a CTV-
resistant hybrid with C. glauca parentage (GLA81) has been pollinated with a CTV-resistant hybrids with C. australasica parentage 
(10Q019).  The pedigree of the offspring is: 
{[(C.wakonai x C. glauca) x P.trifoliata] x [(C.wakonai x C. australasica) x P.trifoliata]}. 

 

Hybrids that survived the process of CTV resistance testing, phytophthora screening, were able to be 

propagated as cuttings, and that produced adequate growth during the nursery phase were budded with 

‘Imperial’ budwood (Figure 18).  Trees that grew adequately were then established at a very challenging site 

(heavy waterlogging soils, low-lying frost prone) on a commercial property at Wallaville (Figure 19) 
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Figure 18: Rootstock trees of 
‘extreme hybrids’ propagated 
from cutting prior to budding 
(note the distinct morphology 
compared with normal citrus 
rootstocks). (b) Breeding team 
member Deb Gultzow inspecting 
rootstock trees shortly after the 
‘Imperial’ buds have been 
unwrapped and the rootstock 
tops removed. (b) Same trees 
one month later showing 
variability in the rate of bud take. 
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Figure 19: (a,b)Planting 
‘extreme hybrid’ rootstocks 
on a commercial site at 
Wallaville, 3rd November 
2016. Note the heavy clay 
soil and low-lying drainage 
gully.  This site was 
completely inundated 
during both the 2013 and 
2015 Burnett River floods 
and represents an excellent 
location to test the 
resilience of these new and 
unique genetic 
combinations. (c) trial site 7 
months after planting. 
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Measurement of early tree survival and growth has shown a strong rootstock effect amongst these 605 trees.  

For example, of the 7% of trees that died within 12months of planting, 40% were from just 3% of hybrids 

(involving Citropsis schweinfurthii, Citrus glauca, and Atalantia ceylanica parentage).  More importantly, the 

experiment has already demonstrated that sibling performance can be vary widely.  In the case of rootstocks 

with C. australasica parentage, the 13 hybrids in the trial have shown markedly different initial growth (Figure 

20). 

 

 

Figure 20:  The comparative performance of 13 different rootstocks that contain Citrus australasica in their parentage. Tree height 
(mm) is used as an indicator of how well they have established in the first six months after field planting, June 2017, Wallaville, 
Queensland. 

This is an important finding for a number of reasons.  Firstly it demonstrates the value of testing a large 

number of sibling when using wide crosses, secondly it reveals the existence of wide segregation within 

families, and thirdly it indicates the need for caution when choosing which sibling(s) to use in future crosses.  

For example, in the continuing breeding work at BRS the hybrid ‘ICA5’ has been used extensively as a parent, 

partly because it flowers freely and sets well.  However it can be seen from Figure 20 that it has very poor 

early tree establishment when used as a rootstock, and we may be better to use hybrids like ‘ICA1’ and ‘ICA12’ 

as future parents.  This illustrates how data from the various field trials is being fed back into the breeding 

program to help guide new breeding work. 
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Additional project related activity: A. High-throughput 
phytophthora screening 

 

Phytophthora diseases have been causing problems for citrus growers for almost 150 years, and a great deal 
of research has been published.  There is an additional body of knowledge held by a handful of very 
competent citrus pathologists with decades of practical field experience.  Collectively, this literature and 
knowledge was used to develop a test method for high-throughput screening of germplasm.  Many 
modifications were made to this method during the course of the project and the discussion below explains 
how we eventually arrived at a method well suited to the low-resource high-throughput breeding approach 
used at BRS.  We have retained considerable detail in the following discussion so that it may be useful to 
future investigators, in both citrus and other crops, who have a similar methodology requirement. 

Initial test method 

Despite very promising initial results with phytophthora trunk inoculations onto potted nursery trees (25th Feb 
and 15th May 2015) when tested on a small number of plants (85), this screening procedure largely failed when 
we moved on to use it on a larger scale (558 plants on 20-21 July 2015).  It was clear within a week of 
inoculations that this large scale screening had failed (for inoculations on the 15th May, symptoms were seen 
within 3 days).  The reason for this contrast in performance was unknown but needs to be resolved before 
spending another 2 days repeating the exercise.  The problem could have been the host, the pathogen, the 
environment, or any combination of these.  Consequently, an experiment was designed to investigate 
environmental effects in the first instance, and developed a range of post-inoculation treatments that would 
create different environmental conditions. 

1. Bud, wrap, place in PPHa (as per previous inoculations). 
2. Bud, wrap, cover with damp cloth, enclose in clingwrap, place in PPH. 
3. Bud, wrap, place in humid coolroom (ambient temperature). 
4. Bud, wrap, place in humid & heated coolroom (32-35°C). 
5. Bud, wrap, place in seed store (6°C). 
6. Bud, wrap with wider budding tape, place in PPH. 
7. Bud, wrap, enclose in garbage bag, place in PPH. 
8. Bud, cover with damp cloth, wrap with wider budding tape, place in PPH. 
9. Bud, wrap, place in bucket full of water (up to soil level), place in PPH. 
10.  Bud, wrap, place in SRA glasshouse (with evaporative coolers running). 

aPhotoperiod glasshouse, passive glasshouse, low humidity 

 
Seedlings of Sweet orange growing in 500mL forestry tubes were used for all the treatments.  Three trees 
were randomly allocated to each of the treatments, giving a total of 30 trees.  Weather conditions at the time 
of the experiment were dry and mild.  The humid/heated dark coolroom set at about 32-37°C had a very good 
“oppressive” tropical feel.  The unheated coolroom was not as warm (~23°C) but still had near 100% humidity.  
Temperatures in the PPH stayed between about 15-27°C, with low humidity.  Trees were assessed 9 days after 
treatment with results consistent between the three replicates (Table 3).   
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Table 3:  Results obtained from 10 different combinations of treatments designed to elicite a phytophthora disease response on 
Sweet orange seedlings. 

Treatment Wood 

browning 

Bark 

browning 

Callus Moisture 

under tape 

Comment  

1 
Wrap 

PPH 

slight no no moderate  

 
2 

Wrap 

Dampcloth 
Clingwrap 

PPH 

yes severe no wet Best 

treatment 

 
3 
Wrap 

humidCR 

ambient 

yes slight no wet 2nd best 
treatment 

 
4 
Wrap 

humidCR 
heated 32C 

slight no yes moderate  

 
5 

Wrap 
Fridge 6C 

no no no dry  
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6 
Wide tape 

PPH 

slight no no dry Hopeless 
tape 

 
7 

Wrap 

Seal in bag 
PPH 

slight 1 tree no moderate  

 
8 

Dampcloth 
Wide tape 

PPH 

slight Possibly no dry Hopeless 

tape 

 
9 
Wrap 

BucketH20 

PPH 

v. slight no no dry  

 
10 

Wrap 
glasshouse 

slight no low moderate  

 
 

The best treatment was “2” followed by “3”.  The wider tape (and any treatments involving it: 6, 8) was a 
failure presumably because it did not remain moist under this tape.  It is important to note that this ‘wider 
tape’ also differed from the normal wrapping tape in that it was textured (embossed) and so may not have 
sealed as well as a smooth tape.  Placing trees in a bucket of water didn’t seem to help much, even though 
pots were flooded to the top of soil level.  Trees with the least symptoms were those from the coolroom “5” 
closely followed by “1” and those that dried out.  The heated humidified room “4” did not give good 
phytophthora symptoms but probably had the best callus; presumably the high temperature (>32°C) had 
prevented symptoms from developing (cf. mild temperature high humidity “3”). These results suggested that it 
was important to have ‘free water’ around the infection site, and simply keeping the root system wet was no 
substitute for this.  While normal budding tape is effective in preventing desiccation it does not retain ‘free 
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water’ around the infection site.  These results suggest that modification to the post-inoculation ‘environment’ 
may help improve this screening procedure.  There are many practical considerations in how this is best done.  
We need to avoid having to shift trees to humidified coolrooms, or having laborious wrapping and wetting 
procedures. A simple inoculation technique that gives quick and consistent results was the goal.  A new 
experiment was designed to test these hypotheses.   
Consequently, the following experiment was set-up on the 12th Oct 2015: 

1. Two rootstocks, Sweet orange, Troyer 
2. Eight treatments 

a. Bud, wrap, dampcloth, clingwrap, PPH 
b. Bud, wrap, dampcloth, clingwrap, foil, PPH 
c. Bud, dampcloth, clingwrap, PPH 
d. Bud, dampcloth, clingwrap, foil, PPH 
e. Bud (non Pn.), wrap, dampcloth, clingwrap, PPH 
f. Bud, dampcottonbud, clingwrap, PPH 
g. Bud, wrap, dampcloth, clingwrap, dark box, PPH 
h. Bud, dampcottonbud, wide waterproof tape, PPH 
i. (actually ‘J’) wet trunk (50uL/l Tween 20), bud, wrap, PPH, wet daily 

This gave a total of 18 treatments, and with 3 replicates required 54 trees.  Conditions at the time of 
treatment were mild and dry. Trees were assessed at 8 days and again at four weeks after treatment (Figure 
21).   
 
 

 
 
Figure 21: Effect of ‘environmental’ conditions on the development of phytophthora symptoms following stem punch inoculation. 
S=Sweet orange, T=Troyer, a-e refer to different post-inoculation treatments, see text above. 
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The non-phytophthora inoculation (e) was white and clean and demonstrated that the response in other 
treatments was not simply due to the trunk remaining wet.  Mild symptoms (wood browning) on the ‘Troyer’ 
in (h) probably suggests that it is not resistant but instead is tolerant, and illustrated the need to measure 
lesion length when rating stocks for sensitivity to this pathogen.  There seemed to be better symptoms where 
the agar was not wrapped with budding tape (c, d, f, h) rather than where it was wrapped (a, b, g, j) which 
again hinted at the importance of having free-water around the infection site.  It was difficult to say if the 
damp cloth was any better/worse than the cotton bud.  However it was clear that daily misting of wrapped 
trees does not lead to good symptoms, consistent with our belief that there needs to be free-water around 
the infection site.   

Detached stem technique 

A preliminary experiment was set-up on the 22nd February 2016 to test the response of detached citrus stems 
to punch inoculations with phytophthora.  The breeding team had read some papers with other plants (eg 
Jarrah) where the technique had been moderately useful, and had given rapid results, particularly at elevated 
temperatures.  We chose three citrus types (Rough lemon, CH390, F59) and inoculated ~40mm stem sections 
(2mm punch) with five different phytophthora cultures.  Within two days, clear symptoms were developing on 
the Rough lemon stem sections treated with P. citrophthora (53412), and possibly some other combinations.  
Second best results were with P. palmivora and also P. nicotianae).There were definitely no symptoms on P. 
cactorum.  Results improved further over the next few days and after five days were very obvious (Figure 22). 
 

 
 
Figure 22: Detached stem screening technique use to test the pathogenicity of various Phytophthora species and accessions, with 
a range of common citrus hosts.  The accession 53412 was chosen for future disease screening of new hybrids. 

 

Six days after treatment, the stems were assessed with the following observations: Best results with ‘535412’ 
giving a severe reaction on Rough lemon and mild on CH390 and F59.  Next best was ‘53986’, with good results 
on all three but particularly CH390 and F59.  Third best was ‘63631’ with a mild response except on F59 which 
did not respond. Second worst was ‘4093’ which gave a mild response on Rough lemon but not on CH390. 
‘51744’ gave no response on any of the stem sections. 
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To confirm these exciting results, a new experiment was set up on the 26th February 2016 using a greater 
range of citrus types (hosts) and a greater range of phytophthora accessions (pathogens).  There were seven 
different citrus types: Rough lemon, Flying Dragon, Cleopatra, Sweet orange, Swingle, Troyer, and Sour orange. 
The six different phytophthora accession cultures were P. citrophthora (53412, 41805), P. nicotianea (4093, 
Troyer), P. palmivora (53986), and P. cactorum (51744).  Each of the 42 different treatments was replicated on 
three different stem sections.  Some browning of the agar pugs was beginning to happen one day after 
treatment..  By two days there seemed to be good symptoms on the Rough lemon and Sour orange with 
‘53412’, (P. citrophthora) but symptoms were unclear for the other treatment combinations.  Better symptoms 
developed over the next few days and by seven days there was no further improvement in symptoms.  It was 
clear from this experiment that ‘53412’ (P.citrophthora) give very fast and severe reactions, and is the obvious 
choice for future germplasm screening.  Perhaps the next best choice is ‘53986’ (P. palmivora). 
The newly developed technique was subsequently applied in the screening of thousands of new hybrids at 
BRS.  This experience lead to a number of recommendations to help ensure a dependable disease response: 
 

1. Only use humidifiers, not heaters, in the coolroom (this will help prevent the stems drying). Combine 
the steam humidifier with the electronic humidifiers to get a constant cloud of fog. 

2. Watch that the temperature does not climb too high (perhaps keep under 25 C).  Only have one steam 
humidifier running at a time to prevent overheating. 

3. Use freshly prepared agar plates (prepared no more than 2 weeks prior to use). 
4. Keep freshly prepared plates at room temperature NOT in a fridge. 
5. Ensure control sticks (Rough lemon, Sweet orange, Troyer) are included in every tray. 
6. Preferably use a coolroom where good results have been obtained in the past.  Some ‘environments’ 

seem to give better results than others, for unknown reasons. 
7. Symptoms should appear within a week, and misting with a phytophthora broth does not seem to 

help. 
8. Avoid applying phos acid (or any other fungicide) to the plants that are going to be inoculated 

(preferably never, but certainly for 2-3 months prior to screening). 
9. The most likely causes of the failure of screening batches are using old phytophthora cultures, using 

coolroom ‘environments’ that allow the detached stems to dry out, or allowing temperatures to rise 
too high during symptom development. 

 

In summary, this project has developed a fast, efficient and effective technique to screen large amount of 
citrus germplasm, and in a way that does not contaminate nursery propagation areas. 
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Additional project related activity: B. Salt screening 

Although not originally included within the project proposal, the breeding team recognised an opportunity to 

incorporate salt tolerance in the breeding objectives.  With the endorsement of the Project Management 

Committee, this work sort to refine existing salt screening protocols and develop the necessary equipment to 

apply salt stress and measure its impact on hybrids. A automated drip irrigation system was designed and 

constructed by the breeding team to allow the regular application of a known amount of saline water to 

individual pots (Figure 23a-b).  Plants were measured on a regular basis and the amount of salt was increased 

every two weeks eventually resulting in severe symptoms on some hybrids.  Inclusion of control cultivars and 

one of the parents enable confirmation that the treatments had been severe (Figure 23c). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: (a-b) Equipment constructed to 
perform salt response phenotyping on citrus 
hybrids.  A salt solution of know 
concentration was injected daily into each 
pot. (c) eventually resulting in visual 
symptoms of salt burn and some tree death. 
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At the end of the treatment period, plants were assessed for biomass, and leaf samples were then ground for 

chlorine determination (see full explanation below).  A special purpose chloridometer was acquired for this 

purpose (Figure 24a-b) and proved useful in conjunction with visual ratings of salt damage to leaves and roots 

(Figure 24c). 

  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: (a,b) Chloridometer used to 
measure leaf chloride concentration 
of hybrids after 115 days of salt 
treatment, eventually reaching 11.g/L 
sodium chloride with an EC of 21mS. 
Plants had also been sampled for leaf 
chloride content prior to the salt 
treatment and these samples were 
similarly processed using the 
chloridometer (c) root health was 
also checked at the end of the 
treatment period. 
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The salt screening procedure was commenced on the 31st March 2017, using the hybrids that remained after 

two rounds of phytophthora screening and CTV testing.  The hybrids, growing in 2.8L bags were cut back to 

200mm above soil level on the 8th and 23rd February, and then allowed to re-shoot for 5 to 7 weeks. 

Salt treatments started on the remaining 182 hybrids on the 31st March 2017 with daily injection (10am) of 

100mL of solution.  The initial concentration was 1.45g/L sodium chloride, which had an EC of 2.84mS.  During 

the 115 days of salt treatment, the concentration was increased each ~14 days by an extra 1.45g/L sodium 

chloride, such that the final concentration applied from the 11th July to 24th was 11.6 g/L sodium chloride with 

an EC of ~21mS. This daily treatment continued until the 24 July 2017, when plants were then subject to a 16 

day drought (24th July to 10th August) with regular weighing of pots to calculate water usage of each hybrid.   

Four leaves were taken from the middle of the shoot on the 10th August and dried (60°C) before being ground.  

The plants were also rated for visual salt damage in terms of marginal necrosis, leaf drop and overall salt 

sensitivity (Figure JJJ).   

 

Figure 25: Relationship between visual salt damage rating and leaf chloride concentration for 171 hybrids plus three individual 
plants of three different control rootstocks.  Values in yellow were excluded from the breeding program while those in red were 
retained for further development. 

 

On the 16th August, plants were cut-back to 1-2 nodes above where the previous shoot had emerged (after 

being cut back in February 2017) and the bottom section (150mm) used for phytophthora testing.  A 50mm 

stem section of approximately 4mm diameter was collected for wood and bark volume determination.  The 

remainder of the stem was used to produce cuttings, (which did not do very well perhaps as a result of their 

high salt content).  Leaf samples from the best 71 hybrids were sent to Natalie Dillon on the 4th Oct 2017 for 

DNA extraction ahead of testing for the MITE apomixis marker(see Additional project related activity below). 
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Processing of leaf samples was completed in the week 4-8th September 2017, and the results used to confirm 

culling decisions based on visual symptoms.  Leaf samples had been collected from each individual hybrid both 

before the salt treatment started, and after the salt treatment was complete. 

A total of 171 hybrids were tested for leaf Cl levels after salt treatment with the results shown below  

Cross No of hybrids Mean Cl Minimum Cl Maximum Cl 

Encore*14Q055 34 3.142928931 0.329767442 6.511737589 

Encore*63-199-
49 

15 3.10329915 0.700755814 6.481262626 

Encore*Tri 4 3.766999774 2.264861111 5.082212389 

K15*14Q055 49 4.14570293 0.977931034 7.71277027 

K15*63-199-49 69 4.205891026 1.008211009 8.493229167 

Grand Total 171 3.86868995 0.329767442 8.493229167 

 

From the sample of 171 hybrids, a group of 84 were chosen as likely salt-tolerant based on their leaf 

symptoms.  Results for these hybrids are shown below: 

Cross No. of hybrids Mean Cl Minimum Cl Maximum Cl 

Encore*14Q055 21 2.743919068 0.654461538 5.864158879 

Encore*63-199-
49 

4 2.522037042 0.700755814 4.773465347 

Encore*Tri 4 3.766999774 2.264861111 5.082212389 

K15*14Q055 24 3.281418928 0.977931034 6.47505102 

K15*63-199-49 31 3.128990288 1.008211009 6.46722973 

Grand Total 84 3.075298578 0.654461538 6.47505102 

 

Results for the 87 hybrids excluded based on leaf symptoms are as follows: 

Cross No. of hybrids Mean Cl Minimum Cl Maximum Cl 

Encore*14Q055 13 3.787483325 0.329767442 6.511737589 

Encore*63-199-
49 

11 3.314667189 1.663979592 6.481262626 

K15*14Q055 25 4.940844213 1.289090909 7.71277027 

K15*63-199-49 38 5.084415311 1.756238532 8.493229167 

Grand Total 87 4.625603557 0.329767442 8.493229167 

 

For comparison purposes, if we had chosen 84 hybrids based solely on their low Cl levels then the results 

would have looked like the following: 

Cross No. of hybrids Mean Cl Minimum Cl Maximum Cl 

Encore*14Q055 21 2.032084314 0.329767442 3.643472222 

Encore*63-199-
49 

12 2.502580949 0.700755814 3.545 

Encore*Tri 2 2.74034127 2.264861111 3.215821429 

K15*14Q055 23 2.616538198 0.977931034 3.613173077 

K15*63-199-49 26 2.371183475 1.008211009 3.629404762 

Grand Total 84 2.381149684 0.329767442 3.643472222 
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A major disadvantage if we had selected based on just leaf Cl levels is that we would have selected less K15 

hybrids, and we are hoping that this may be a good source for HLB tolerance.  This discrepancy between leaf 

symptoms and Cl levels in different families may indicate that some families have better salt tolerance than 

others, even if their leaf Cl levels are higher. In the final wash-up, the leaf Cl level had limited bearing on which 

hybrids were retained.  This decision was based more on visual health of the plants after salt treatment plus 

re-assessment of phytophthora reaction.  We finally arrived at 69 hybrids to retain and the leaf Cl levels for 

these are shown below: 

Cross No. of hybrids Mean Cl Minimum Cl Maximum Cl 

Encore*14Q055 14 2.699055878 0.329767442 5.864158879 

Encore*63-199-
49 

3 1.771560941 0.700755814 3.184491525 

Encore*Tri 3 3.950725889 2.264861111 5.082212389 

K15*14Q055 21 3.068158265 0.977931034 5.999230769 

K15*63-199-49 28 3.041898127 1.008211009 6.46722973 

Grand Total 69 2.963087583 0.329767442 6.46722973 

 

Twenty of these 69 hybrids (29%) had a leaf Cl level lower than ‘14Q055’ (2.14%, known to be a good Cl 

excluder) and 68 hybrids (99%) had a leaf Cl level lower than ‘Troyer’ (6.22%).  Thus, this population should 

contain individual hybrids that are very good under saline conditions, given that they have been selected on 

both visual symptoms and leaf Cl levels following exposure to very high levels of salt. 

Four ‘control’ rootstocks were contained within the experiment and leaf chloride levels for the three individual 

replicates of each are shown below: 

Rootstock Rep1 Rep2 Rep3 Average 

14Q055 1.86 2.08 2.47 2.14 

FlyingDragon 4.59 4.91 6.20 5.23 

Troyer 5.84 6.08 6.74 6.22 

Benton 7.17 7.01 7.30 7.16 

 

It is clear from these results that ‘14Q055’ has considerable ability to restrict Cl accumulation in its leaves, and 

this is consistent with previous screening work that has been done with this rootstock and with its growth 

performance in our salt-treatment experiment.  ‘Flying Dragon’ and ‘Troyer’ had similar leaf Cl levels even 

though ‘Flying Dragon’ suffered more severely from the salt treatment.  It was not until toward the end of the 

experiment that ‘Troyer’ started to show symptoms of salt damage.  ‘Benton’ did very poorly but this could be 

because they were extremely small plants when they were entered into the experiment, and we know that 

salt screening should only be done once plants are about 12 months old and of a reasonable size (see Sykes 

1985 Table 5). 

The decision to include ‘14Q055’ as a parent was a good one in terms of salt tolerance. (Both it and 63-199-49 

have been shown to accumulate Cl levels similar to Cleopatra, which is commonly used in salt marginal areas).  

It accumulated on average 2.14% Cl, and we were able to make some selections from both Encore and K15 

that had lower levels than this.  In the case of Encore*14Q055 we had 9 out of 34 hybrids with leaf Cl% lower 

than 2.14%, and 4 of these are being retained (4 were culled because of poor phytophthora performance).  

The 9th one (K659) does not have %phloem data (for unknown reasons) and was not originally going to be 

selected, however it did okay in phytophthora screening and has the lowest leaf Cl levels so will be retained 

(the leaf Cl level for this sample really should be checked because it seems unusually low).  In fact, all of the 

retained 69 hybrids should be rechecked for Cl levels using the existing samples, and then comfirmed with a 

new experiment containing replicates of each hybrid (in contrast with the single seedling that was tested in 

the current experiment).  Of the 48 hybrids of K15*14Q055, only two of them had a leaf Cl level lower than 
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their 14Q055 parent and both (554, 493) are included for future work. However 40 of these hybrids had lower 

leaf Cl levels than ‘Troyer’ and all 22 of the selections made from this family have lower leaf Cl levels than 

‘Troyer’.  Fifteen of these selections had leaf Cl below 3.5%.  

The rootstock ‘14Q055’ seems to have a lot going for it, and it was a wise decision to include it in our crossing 

program during the 2015 pollinating season.  It was included because of promising early performance in the 

rootstock experiment at Emerald, and subsequent results have confirmed this observation.  Although we have 

not sufficiently processed the granulation data, it continues to show good graft union compatibility and has 

been a healthy productive tree.  We also know that it has excellent CTV resistance and is able to transmit this 

trait (see Smith et al. 2016).  It has moderate to good tolerance to phytophthora and this may be a trait in 

which improvements can be targeted.   

Sykes (1985) indicated that there was a relationship between leaf Cl levels before and after salt treatment but 

provided no data or indication of the strength of such a relationship.  We were keen to pursue his suggestion 

as a possible way of identifying salt tolerant hybrids without the need to subject them to salt treatment.  To do 

this, we sampled each hybrid before the commencement of the salt treatment so that we could then compare 

the results with those found in the leaves after treatment.  It is clear from our results that some kind of 

relationship does exist, and that even prior to salt treatment (using plants grown with low salt water) there are 

differences between hybrids that relate in some way to the differences seen after salt treatment.  However 

this relationship is of no use from a breeding/screening point-of-view because hybrids can have very low initial 

Cl levels (eg <0.05%) prior to treatment, but then produce very high leaf levels after salt treatment (eg >7%).  

For example, if we were to select individuals with leaf Cl lower than 0.5% then we would have mistakenly 

selected many hybrids that accumulate very high Cl levels in the presence of salt.  Consequently we should not 

waste time and resources sampling and testing leaves prior to salt treatment.  The relationship between our 

visual assessment of salt tolerance, and the actual leaf Cl at this same time is shown below: 
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Additional project related activity: C. Molecular marker 
verification 

An internally funded DAF project was undertaken to investigate the validity of molecular markers that had 

been published by various international research groups for important traits in citrus breeding.  These traits 

were apomixis, CTV-resistance and seedlessness.  The only markers that proved accurate and useful were 

some very recent (2017) markers for apomixis.  Because this work had clear synergy with the CT13004 

rootstock project, the internal report on this project as well as the manuscript prepared and accepted for Acta 

Horticulturae are presented below: 
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Additional project related activity: D. K15 pomelo rootstock trial 

This activity was not include in the original project document but was later incorporated without additional 

budget demands.  A rootstock trial had been established in North Queensland in January 2012.  This trial was 

designed by the breeding team and the rootstocks grown and budded at BRS.  It was planted by the then DAF 

horticulturist Matt Weinert, who was eager to develop better rootstocks for pomelo in northern Australia.  

The current NQ horticulturist Yan Diczbalis was similarly eager to assess the trees and gleam any useful 

information that the established trees might yield. 

The project leader travelled to Mareeba (north Queensland) 11th-14th May 2015 to assess a rootstock 
experiment in conjunction with NQ colleagues.  We had propagated the trees for this trial at BRS in 2010 (Figure 
26) and they were subsequently planted near Mareeba in January 2012.   
 

 

 
 
 
 
 
 
 
Figure 26: Trees of K15 
pomelo grafted onto 
nine different rootstocks 
at BRS and ready for 
dispatch to the north 
Queensland commercial 
test site, December 
2011.. 

 
This experiment contains nine rootstocks carefully selected for their potential to be commercially appropriate 
for pomelo production in the tropics.  The rootstocks were Benton, Troyer, Swingle, Volkameriana, US812, C22, 
C54, C57 and C146.  There had never been any rootstock work done with pomelo in Australia, and very little 
internationally, so any information gleamed from this trial was likely to be of commercial interest.  
The trial site is a commercial lime and pomelo enterprise with a long-term commitment to citrus production in 
tropical Australia.  Soil conditions were severe, with a high clay content seldom considered suitable for citrus.  
None-the-less, two of the rootstocks have performed well while the other seven have done extremely poorly 
(Figure 27).   
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Figure 27: Part of the K15 pomelo rootstock experiment , 12th May 2015. 

 
 
 
It is unusual to see such a dramatic effect of rootstock, particularly when many of the poor performers are 
important commercial rootstocks in other parts of Australia and overseas.  The rootstock ‘Swingle’ has proven 
outstanding at this site and the collaborating grower is now using this rootstock for all their new plantings.  It is 
a clear recommendation for pomelo grown under similar conditions. 
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Additional project related activity: E. Rootstocks for new scion 
varieties 

Most of the field experiments established by the project used ‘Imperial’ mandarin as the scion variety because 

of its many fruit quality problems and as a ‘canary’ to identify rootstock that could improve scion fruit quality.  

Toward the end of the project the breeding team and Project Management Committee became interested in 

testing some of the emerging rootstocks on a wider range of scions.  This resulted in a number of rootstocks 

being included in the commercial test sites used for the final evaluation of hybrids from the Mandarin 

Hybridisation Project (Figure 28).   

 

 

 

 

Figure 28: Newly planted rootstock trials designed to test the performance of soon-to-be-released scions varieties on some of the 

recently developed rootstock germplasm. Gayndah 22nd August 2017. 

 

 

A total of 17 rootstocks are being evaluated with four different scions (12C006, 12C009, 13C006, 15C001) (see 

Table 1).  The first results from these trials will become available in 2019.  

 



Hort Innovation – Final Report:  Qld Citrus Improvement Scheme: finding better rootstocks for Australia 

 77 

Outputs 
The original project document stated that “Each of the five experiments in this project will 

generate clear outputs that are easily measured and have a specified delivery date.  In many cases, 

preliminary information of potential commercial value will become available before the output is 

complete, and any such information will be communicated as soon as it is discovered.”  The project 

was successful in delivering on all of these 14 promised outputs and evidence to support this is 

provided against each of them below: 

 

Experiment One 

1. Best rootstock choice for ‘Imperial’ amongst 34 different varieties based on their fruit quality 

(including granulation) during the first 6 years of fruiting.  Described rootstocks to include the 

Chinese ACIAR material, endemic species, US812 and existing commercial rootstocks. 

 Delivered: December 2013  

Compilation of an extensive amount of data collected for a long and continuous run of seasons 

provided a clear “winner” worthy of commercial release.  The project team provided growers with 

a summary of the performance of each rootstock and then allowed them to wonder freely through 

the trial site prior to harvest in 2017 (where all rootstock treatments had been labelled).  This 

combined activity of providing performance data alongside first-hand inspection of the trial site 

provided a very convincing case to support the relative merits of each rootstock.  As a result, the 

new rootstock ‘Barkley’ has been entered into the national citrus seed supply scheme (AusCitrus).  

Not only does it offer an additional choice for citrus growers, but it greatly expands the genetic 

diversity of commercial rootstocks available in Australia, being from a distinctly different genetic 

origin. 

2. Tree health, growth, union compatibility and expected longevity of ‘Imperial’ on 34 different 

rootstocks after 10 years in the field. 

 Delivered: February 2015 

Annual data collection continued during the project period so that a full 10 seasons of fruit 

production, quality and tree growth/development was captured.  Australian horticulture 

increasingly sufferes from research data sets (and associated conclusions!) based on just a couple 

of seasons results collected from young trees.  Such information can be very misleading because it 

does not reflect commercial reality.  As an example, the rootstock ‘Swingle’ performed very well in 

the early years but was a disaster and mostly dead by the end of the experiment due to delayed 

graft incompatibility.  This long run of data has already been useful in guiding rootstock breeding 

activities. 

3. Interpretation of seasonal variation, tree location, past history, and rootstock effects on 

granulation during the first 10 years of fruiting. 

 Delivered: June 2016 

The large data set provided an opportunity to examine some aspects of granulation, being unique 

in terms of its spatial and temporal coverage.  Preliminary examination further reinforce the 

enormous complexity of the granulation issue and the need for a solid scientific effort to help 

resolved this, and other related, quality issues.  This data set is likely to remain the most complete 

information on spatial, temporal and rootstock effects on granulation and is likely to useful in 
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future research on this topic, including the testing of various hypotheses. 

Experiment Two 

4. CTV movement and replication in 70 different rootstock varieties.  Identify which of these are 

truly resistant. 

 Delivered: June 2014 

 

The project was able to locate a few genotypes (just 4) that are truly resistant to virus replication, 

and at a level at least equivalent to Poncirus trifoliata.  These new virus-resistant genotypes have 

already been incorporated into the breeding program and the heritability of their resistance 

confirmed.  The work has emphasised the value of a project that combines phenotyping, 

commercial evaluation, and breeding because it has been confirmed that replication-resistant 

genotypes can transfer this trait to their progeny whereas replication-susceptible genotypes do not 

give rise to any resistant offspring. Many international rootstock breeding programs continue to 

use parents that our phenotyping research has shown are not truly resistant to this important 

virus, and our breeding research has shown that these cannot produce resistant progeny.  These 

results have been published and have attracted international interest. 

5. Determine any impact of initial freedom from CTV on ‘Imperial’ grown on 49 different 

rootstocks. 

 Delivered: ongoing, final May 2018 

This experiment confirmed that strains of CTV currently present in Australia are only an issue for 

‘Imperial’ growers in terms of rootstock choice.  Having ‘Imperial’ budwood that is initially free of 

CTV offers no advantage, partly because trees become rapidly infected by aphids once they are 

planted in the field, but mostly because ‘Imperial’ mandarin is a symptomless carrier of the virus. 

Experiment Three 

6. Fruit quality and tree performance of ‘Imperial’ grown on 24 non-commercialised rootstocks 

bred in NSW and California in the 1950-60s.  Make commercial recommendations based on the 

first 5 years of fruiting. 

 Delivered: 2015 onwards, final May 2018 

Four seasons of fruit quality data were generated from this particular experiment during the 

project period (the first light crop of fruit in 2014 was removed by the grower to allow proper tree 

development) along with extensive tree performance information.  This data revealed one very 

promising rootstock which has already been supplied (from the seed source tree at BRS) to the 

collaborating grower who has agreed to test it on a wider commercial scale.  This rootstock is also 

now being tested more widely in other BRS-based citrus research to test if it warrants wider 

commercial release.  Furthermore, the experiment has confirmed the adequate performance of a 

rootstock that has recently attracted commercial interest (‘C22’) and the disastrous performance of 

‘X639’ which has been promoted by some individuals but is clearly unsuitable for ‘Imperial’.  All of 

this new knowledge has important commercial value and has been generated within the life of the 

project. It provides a basis on which to make preliminary commercial recommendations and is 

knowledge that the Australian industry is now utilising via publications such as the Mandarin 

Production Manual (Hardy et al 2018) and presentations at Technical Forum. 
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7.  Fruit quality and tree survival of ‘Imperial’ grown on 27 full-sib families during the first 6 years 

of growth.  Comparison of variability between full-sib families and nucellar rootstocks.  Recover 

shoots of the best individual trees from the best performing families and establish as seed-source 

trees. 

 Delivered: ongoing, final May 2018 

A complete set of performance data has been collected annual (2013-2018 inclusive) during the 

project period for the 27 full-sib families.  This field performance data follows on from the nursery 

performance data collected during the nursery phase for these same genotypes (a published 

outcome of Experiment One). Although the experiment is designed with 3-tree plots, the data 

collection process ensured that information was collected for every individual tree, recognising 

that they were genetically distinct siblings rather than clonal nucellar seedlings.  A few more 

seasons of data are required before this robust data set (generated from individual measurements 

on 892 trees) can be used to compare variance between nucellar and full-sib rootstocks.  Although 

no individuals have as yet been identified within the full-sib families that warrant establishment as 

seed-source trees (via shoot recovery), the project team have discovered potential new sources of 

vigour control. Crosses of these exciting new full-sib families have been repeated in recent annual 

spring pollinations and hope to be explored further in a future project.  This illustrates the value of 

exploring a broad range of parents in rootstock breeding and the high heritability of important 

traits within particular families. 

 

8. Recommend new rootstock varieties for inclusion as seed source trees, in anticipation of future 

commercial demand. 

 Delivered: May 2015 

Preliminary data from this experiment points to one particularly promising new rootstock.  Three 

mature source trees of this genotype already exist at BRS and were sufficient to supply a few 

thousand seeds for wider scale testing by the collaborating grower.  Data generated over the next 

few seasons will determine whether further seed source trees should be established.  This follows 

the system established with the launch of the new ‘Barkley’ rootstock, which had now been 

propagated for commercial seed production by AusCitrus. 

Experiment Four 

9. Identify new CTV resistant P. trifoliata hybrids that give significantly improved ‘Imperial’ fruit 

quality, in the first 3 seasons of cropping.  Seed supplied to nurserymen for semi-commercial 

testing. 

 Delivered: 2017 onwards, final May 2018 

Fruit quality testing for this experiment has not yet identified any individual hybrids that 

completely solve the major problem of granulation.  Although seed is now available from many of 

these hybrids, we now know that these genotypes have low levels of apomixes because of their P. 

trifoliata donor parent.  Although there has been no 

10. Identify the relative merit of 27 different parents, combined with P. trifoliata, in terms of 

improved fruit quality when used as rootstocks.  Recommend best parental combinations for 

future rootstock breeding. 

 Delivered: 2016 onwards, final May 2018 
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Three parent have been identified that appear to have superior merit in terms of improved fruit 

quality when their progeny are used as rootstocks.  Rootstock effects on fruit quality can be 

difficult to phenotype (large seasonal and special variation) so a few more seasons of data are 

required before we can be confident with this finding.  None-the-less this information was 

incorporated into the 2016 and 2017 pollination program so that large families could be generated 

for future testing.  In addition, the project has identified parents with differing effects on scion 

vigour and this information was also incorporated into recent crossing program.  Thus this 

experiment has generated useful new knowledge useful in identifying the best parental 

combinations for future rootstock breeding.  This moves rootstock breeding from “what we want 

to achieve” to “how we are going to achieve it” and creates opportunities for more purposeful and 

efficient breeding activity. 

Experiment Five 

11. Nursery performance data of ‘extreme hybrids’ and their early survival under field conditions. 

 Delivered: 2014 onwards, final May 2018  

Many citrus relatives are “reluctant-participants” in breeding, defying the conventional wisdom 

that citrus relatives are readily cross-compatible.  They flower inconsistently, produce limited 

pollen/seed, and set poorly.  Subsequently any progeny that are obtained often suffer a range of 

malodies from failure-to-germinate to late-acting-lethality.  A common problem has been ‘extreme 

hybrids’ that grow well in the nursery but then die-back to ground level before re-shooting.  All of 

this nursery performance data has been recorded for the various wide crosses that have been 

attempted.  Our pragmatic approach has been to discard any genotypes that are like to create 

problems during the nursery phase.  Despite this heavy culling for nursery performance, and the 

similarly heavy culling based on CTV resistance phenotyping, a large number of ‘extreme hybrids’ 

have made it through this process ready for field testing.  These hybrids have shown a wide range 

of performance in terms of early survival under field conditions.  High rates of tree death in the 

field experiment (planted >>>) are clearly associated with particular genotypes.  Conversely, some 

of the ‘extreme hybrids’ have established very well, at least on par with conventional rootstocks, 

and these crosses are now being repeated.  There is wide segregation within families with some 

genotypes performing poorly while their siblings are outstanding. This demonstrates the value of a 

conventional approach to rootstock breeding where distinctly different parents are used to 

generate genetic diversity. 

12. Fruit quality of ‘Imperial’ mandarin grown on a diverse range of ‘extreme hybrids’ as 

rootstocks.  Recommend any that should be included as seed source trees in anticipation of future 

commercial demand. 

 Delivery: 2012 onwards, final May 2018 

Having now identified ‘extreme hybrids’ with field establishment equivalent and better than 

conventional commercial rootstocks, the next challenge is to find some that significantly improve 

fruit quality. Depending on project continuance, this may occur in the 2019 fruiting season as trees 

in the Wallaville Imperial Experiment produce their first commercial crop.  Early indications from 

the limited number of ‘extreme hybrids’ in the Gayndah Imperial Experiment (and the small 

number of trees that have already fruited in the recently planted Wallaville Imperial Experiment) 

are that granulation will remain a challenge.  Although it is premature to recommend any for future 

commercial testing, it should be noted that five of the promising early hybrids have been included 

in new rootstock trials planted under four scions at a commercial site near Gayndah. 
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13. Develop CTV resistant hybrids incorporating diverse germplasm that has never previously 

been used in commercial citrus production. 

 Delivered: 2014 onwards, final May 2018 

Introgression of CTV resistance is a corner-stone of the BRS rootstock breeding program.  Not 

surprisingly, these efforts have continued by attempting to develop diverse germplasm that carries 

(and can transmit) this trait.  The project has been successful in generating and phenotyping CTV-

resistant hybrids with citrus relatives that have never been used in commercial citrus production.  

This has created new opportunities for increasing the genetic diversity employed in Australian 

citrus orchards.  The development of C. australasica hybrids with CTV resistance warrants 

particular mention because some of these are showing excellent early tree establishment at an 

edaphically challenging commercial test site. 

14. Test the heritability of CTV-resistance from sources other than P. trifoliata. 

 Delivered: June 2017 

The project has confirmed that sources other than P.trifoliata are capable of transmitting CTV-

resistance to their progeny.  This knowledge is of major importance to the program because it has 

enable us to use better parents, rather than having to continually return to P.trifoliata.  Indeed, the 

new breeding strategy is to never again use P. trifoliata in rootstock breeding.  By using new 

sources of CTV-resistance it is now possible to capture additional traits, and to develop breeding 

populations in which genes of interest become fixed within the population.  Having such advanced 

breeding populations puts the program in a strong position to tackle new challenges as they come 

along, and is why issues such as vigour control can now be addressed.  Another important finding 

from the project is that rootstock genotypes that are tolerant of CTV diseases but not resistant to 

CTV replication, are not able to transmit CTV-resistance to their progeny.  This has made it critically 

important for the BRS program to accurately phenotype all potential parents prior to use (see 

Experiment One) because some rootstock that people claim are resistant to CTV (e.g. 

Swingle,Troyer, US812) allow higher titres of the virus to accumulate.  Our attempts to validate 

published molecular markers for CTV-resistance (Additional project related activity C) failed to find 

any convincing correlation between any of these markers and our phenotyping data (via bud 

inoculation and serological confirmation).  Indeed biotechnological approaches to solving CTV have 

been a resounding failure despite major research invested by multiple international research 

groups over many decades.  One such group, suggested this was because “…more than one gene in 

the locus may be involved in resistance to CTV or that the role of other loci was overlooked.”  And 

in attempting to explain why clonal propagations of the same transgenic line display highly variable 

response to CTV concluded that “…factors other than the genetic background of the transgenic 

plant may affect the resistance phenotype displayed by transgenic plant propagations.”  (Moreno 

et al. 2008).  Perhaps not the first time that molecular biologists have failed to deliver on their 

promises of a quick fix.  By contrast, future investment in conventional breeding approaches to 

introgessing new sources of CTV-resistance stand a good chance of generating useful industry 

outcomes at minimal expense. 
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Outcomes 
The extensive (and potentially confusing) 14 project outputs listed above were all focused on 

generating one simple outcome: better rootstock choices that improve the commercial viability of 

Australian citrus growing. 

 

Citrus growers are continually making new plantings, as markets dictate changing varieties or as 

orchards grow old and become too difficult to manage and become unproductive.  By providing 

these growers with rootstocks that give better fruit quality, longer lived trees and improved disease 

resistance the project has already had a positive outcome on industry without any need to change 

grower behaviour (they are already going to be making new plantings).   

 

Consequently, the outcomes of this project can be evaluated in terms of the changing demand for 

particular rootstock varieties.  In the short term, the success of the project may be predicted by the 

relative improvement in performance of the new rootstocks compared to the current range of 

choices available to nurserymen and growers.  Given the extensive range of advanced material 

already established in field trials, the scale of new hybrid generation and screening, and the 

extreme genetic diversity of the breeding work, it should come as no surprise that this project has 

already released one new rootstock ‘Barkley’ to Australian growers, has a second rootstock 

entering commercial production and has a range of diverse genotypes poised to deliver new 

genetics for the Australian citrus industry.  As predicted in the original project document, this 

project has identify better rootstocks that have been quickly adopted by industry. 
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Monitoring and evaluation 
 

Industry Adoption 

The aim of this project was to give industry access to better rootstocks.  Therefore the adoption 

target was nurseries and growers seeking this new genetic material.  The extent to which newly 

identified rootstocks are used in the annual production/planting of nursery trees (estimated at 

~100,000 in Queensland plus ~300,000 nationally) will be the best measure of industry adoption.  

Historically, there has often been a very long delay between when better rootstocks are identified 

and when they become important commercial rootstocks.  This delay is often because of 

inadequate initial availability of planting material and poor communication links between research 

and commercial nurseries/orchards.  BOTH of these problems were addressed in this project by 

having the organisation that supplies seed controlling the research agenda and information.  The 

benefits of this linkage a clear, with one new rootstock already available to industry, a second 

rootstock being tested commercially, and a research program firmly focused on generating industry 

outcomes.  ‘Benton’ as a rootstock for ‘Imperial’ was an example of rapid adoption of research 

results by growers.  In this example it was about four years between when the research results 

were first communicated and when seed orders from nurseries started to increase.  It was 

therefore anticipated that we might expect to see industry adoption toward the end of the project, 

and increasing thereafter.  This has indeed been the case with demand for ‘Barkley’ seed exceeding 

supply, even though the rootstock was only launched in March 2017. 

The close collaboration between DAF and QCIS was a success factor in the project, capturing 

complimentary expertise in areas such as orchard and nursery management, breeding, and 

business management.  Locating major rootstock experiments on commercial orchards was also a 

success factor because of the economic reality it brings to the work.  There was some risk of trial 

sites being terminated ahead of plan, but this never happened, and in any case there was sufficient 

flexibility within the project to adjust resources into other experiments and hence retain prospects 

for industry adoption.  Knowing that new rootstocks are tested under local conditions and 

managed by commercial orchardists undoubtedly aids adoption, in addition to being able to view 

the trees themselves.  Gaining access to germplasm remains one of the major impediments to 

breeding worldwide and can delay projects for many years.  This obstacle had already been 

overcome in this project because the hard work of negotiation access has already occurred and 

much of the germplasm was already established in field trials. 

 

 

Communication and publicity 

The project has maintained an active communication and publicity profile (for examples the 

Publciations section of this report).  In addition, there are three activities that warrant specific 

mention within the context of monitoring and evaluation, those being the Project Management 

Committee process, the ‘Barkley’ rootstock launch field day, and the International Society of Citrus 

Nurserymens Conference visit to inspect the project. 

 

 



Hort Innovation – Final Report:  Qld Citrus Improvement Scheme: finding better rootstocks for Australia 

 84 

Project Management Committee 

A major contributor to the success of this project has been the Project Management Committee 

(Figure 29), made up mostly of Queensland Citrus Improvement Scheme members.  They have 

provided review and guidance on an annual basis and directed the breeding team toward issues 

that are of most relevance to the Australian citrus industry. 

 

 

 

 

Figure 29:  Members of the Project Management Committee meeting at BRS on the 8th October 2014 [Left to Right: 
Malcolm Smith (project leader), Wayne Parr, Alan Jenkins (president), John Owen-Turner (secretary), Nick Ulcoq, 
Peter Young, Troy Emmerton].   

 

 

The Project Management Committee have met in each year of the project (23Jul2013, 8Oct2014, 

13Oct2015, 25Oct2016, 19Oct2017) and been provided with a detailed update of project activities.  

Invariable this has been met with protracted and useful discussion that helped to shape future 

work. An example the PowerPoint presentation prepare for the final Project Management 

Committee meeting (19th October 2017) is shown below: 
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‘Barkley’ rootstock field day 

At the instigation of the Project Management Committee, a field day was held to launch the new rootstock, 
named in honour of Patricia Barkley, one of Australias most distinguished citrus researchers (Figure 30).  
Details on the technical aspects of the field day are contained under Esperiment One above.  The field day 
was a great success and generated significant positive publicity for the work. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30:  (a) Mrs Patricia Barkley (Broadbent) 
addressing growers at the launch of the new 
rootstock ‘Barkley’ named in her honor, 
Gayndah 7th March 2017.  She had introduced 
this germplasm from China in the 1980s in a 
collaborative project between NSWDPI and 
ACIAR.  (b) During her visit to Queensland she 
reviewed many of the other project activities 
and trial sites and provided useful feedback. 

 

International Society of Citrus Nurserymen 

The International Society of Citrus Nurserymen held their conference in Australia during the 

project period, providing an excellent opportunity to showcase project work.  The pre-conference 

tour was organised by Wayne Parr (Golden Grove Nursery) and the breeding team provide him 

with every assistance to ensure international delegates were exposed to extensive technical 

information.  They visited two rootstock trial sites at Wallaville on the 20th of July 2017 and then 

spent the remainder of the day at BRS inspecting the breeding program.  A hand-out was given to 

all delegates to explain the Wallaville experiments and this is attached below: 



Hort Innovation – Final Report:  Qld Citrus Improvement Scheme: finding better rootstocks for Australia 

 91 
 



Hort Innovation – Final Report:  Qld Citrus Improvement Scheme: finding better rootstocks for Australia 

 92 

 



Hort Innovation – Final Report:  Qld Citrus Improvement Scheme: finding better rootstocks for Australia 

 93 

Representatives were present from all citrus growing regions of the world, and most of them own 

nursery operations far larger than anything that could ever be imagined in Australia (Figure 31).  None-

the-less they were impressed by the project work and eager to learn more about it.  There has been 

much follow-up seeking access to results and germplasm once it becomes commercialised.  Contacts 

made during the visit were utilised by the project leader when he subsequently undertook a self-funded 

study tour to Tucuman Argentina and was able to visit the massive nursery operations of some of the 

delegates who had come to the ISCN Australian conference. 

 

 

 

Figure 31: Wayne Parr (far LHS) ISCN Conference Tour Organiser, with some of the international delegates on the ISCN 
pre-conference tour to Queensland, inspecting a rootstock trial near Bundaberg, 20th July 2017. 

 

Recommendations 
It is recommended that the new rootstock ‘Barkley’ be trialed on a wider commercial scale and under a 

range of edaphic and management conditions.  Additional new rootstock releases are anticipated in the 

next few years.  Innovative opportunities now exist to explore new traits in the Australian rootstock 

breeding program such as reduced scion vigour and outstanding phytophthora resistance.  There are 

exciting prospects for continued improvements to the Australian citrus industry through the breeding 

and development of better rootstocks. 
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Refereed scientific publications 
 

Journal article 

Smith, M. W., Newman, T. K., Gultzow, D. L., Parfitt, S. C., & Barkley, P. B. (2016). Citrus tristeza virus 
replication and movement in seedlings of 71 rootstock genotypes. Citrus Research and Technology, 
37(2), 156-164. 

Smith, M. W., M. Webb, D. Gultzow, T. Newman, D. Innes, N. Dillon, J. Owen-Turner and Q. Xu (2018). 
Application of a MITE Citrus apomixis marker in the Australian rootstock breeding program. Acta 
Horticulturae (accepted). 

Whole book 

Hardy, S., Barkley, P., Treeby, M., Smith, M., & Sanderson, G. (2017). Australian mandarin production 
manual (ISBN 978 1 76058 056 8): State of New South Wales 318pg. 

Chapter in a book or Paper in conference proceedings 

Smith, M. W. (2015). Mandarin breeding and commercialization in Australia. International Symposium 
on Strategy for Promoting Citrus Cultivar Improvement and Commercialization, Jeju, South Korea, The 
Korean Society for Citrus and Subtropical Climate Fruits. 129. 

Smith, Malcolm Wesley, Matthew Webb, Debra   Gultzow, Toni   Newman, David Innes, Natalie Dillon, 
John Owen-Turner, and Qiang Xu. (2018)  Application of a Mite Citrus Apomixis Marker in the Australian 
Rootstock Breeding Program.. 4th International Symposium on Citrus Biotechnology: Book of Abstracts 
244. 

Smith, M.W. (2017) Improved rootstock for ‘Imperial’ mandarin. In: Damiani, J., et al. Citrus Technical 
2017 Forum + Field Day. Citrus Australia Pty Ltd. Mildura. 

Smith, M.W. et al. Traditional Breeding (Chapter 7) In: Talon, M., Caruso, M. and Gmitter, F. The Genus 
Citrus (ISBN 978 0 12812 163 4) Elsevier (due for publication October 2018) 720pg.  

Oral presentations 

Smith, M.W.  (2013) Mandarin breeding & variety commercialisation. Citrus Australia Ltd Pre-season 
Workshop, Gayndah 12th March 2013. 20 slides. 

Smith, M.W., Gultzow, D.L., Newman, T.K. (2013) Rootstock project development status. Mundubbera, 
23rd July 2013. 6 slides. 

Smith, M.W. (2014) Rootstock breeding. Citrus Australia Ltd Pre-season Workshop, Gayndah 21st March 
2014. 15 slides. 

Smith, M.W., Gultzow, D.L. and Newman, T.K. (2014) CT13004: Update on project activities. 33rd AGM of 
the Queensland Citrus Improvement Scheme Inc. Bundaberg, 8th October 2014. 19 slides. 

Smith, M.W. (2015) Scion & rootstock breeding: Update on commercialisation of varieties. Citrus 
Australia Ltd Pre-season Workshop, Gayndah 24th February 2015. 17 slides. 

Smith, M.W. (2015) Mandarin and rootstock breeding. National Citrus Technical Forum. Mildura, 17th 
March 2015. 27 slides. 

Smith, M. W. (2015). HIA Ltd visit to Bundaberg Research Station. Bundaberg, 1-2 June 2015. 62 slides. 

Smith, M.W., Gultzow, D.L. and Newman, T.K. (2015) CT13004: Update on project activities. 34th AGM of 
the Queensland Citrus Improvement Scheme Inc. Bundaberg, 13th October 2015. 18 slides. 

Smith, M.W. (2015) Mandarin breeding & commercialisation in Australia. 1st International Citrus 
Breeders Workshop. Jeju, South Korea, 11th November 2015. (self-funded). 22 slides. 

Smith, M.W. (2015) Identification and screening for disease resistance. Phytophthora mini-Conference. 
Brisbane, 11th December 2015. 19 slides. 

Smith, M.W. (2016) Growing citrus in Queensland. Citrus Field Day Qld Regional Advisory Committee. 
Bundaberg, 16th June 2016. 20 slides. 

Smith, M.W. (2016) Citrus breeding in Australia. 2nd International Citrus Breeders Workshop, Salto, 
Uruguay. 29th September 2016. (self-funded) 27 slides. 
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Smith, M.W., Gultzow, D.L. and Newman, T.K. (2016) CT13004: Update on project activities. 35th AGM of 
the Queensland Citrus Improvement Scheme Inc. Gayndah, 25th October 2016. 19 slides. 

Smith, M.W. (2017) Improved rootstocks for ‘Imperial’ mandarin. National Citrus Technical Forum. 
Mildura, 2nd March 2017. 26 slides. 

Smith, M.W. (2017) Citrus breeding in Australia. International Society of Citrus Nurserymen Pre-
conference Tour. Bundaberg, 20th July 2017. 26 slides. 

Smith, M.W. (2017) Research in agriculture. Central Queensland University Guest Lecture. Bundaberg, 
25th September 2017. 72 slides. 

Smith, M.W., Gultzow, D.L. and Newman, T.K. (2017) CT13004: Update on project activities. 36th AGM of 
the Queensland Citrus Improvement Scheme Inc. Bundaberg, 19th October 2017. 40 slides. 

Smith M.W., Gultzow D.L., Newman T.K. Tran N.T. and Miles A.K. (2017) Impacts of plant breeding on 
the Australian mandarin industry. Session: Ensuring the health and growth of horticulture. Convenor 
Prof A. Drenth. TropAg Conference, Brisbane, 20th November 2017. 18 slides. 

Smith, M.W. (2017) Citrus breeding and commercialization in Australia. 3rd International Citrus Breeders 
Workshop. Acireale, Italy. December 2017. (self-funded) 45 slides. 

Smith, M.W., Webb, M., Gultzow, D.L., Newman, T.K., Innes, D., Dillon, N., Owen-Turner, J. and Xu, Q. 
(2018). Application of a MITE Citrus apomixis marker in the Australian rootstock breeding program.Las 
Brujas, Uruguay, 16th April 2018. (self-funded) 21 slides. 

Smith, M.W. (2018) Citrus breeding in Australia. Estacion Experimental Agroindustrial “Obispo 
Colombres”. Tucuman, Argentina, 25th April 2018. (self-funded). 33 slides. 
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Intellectual property, commercialisation and confidentiality 
This project generated information and germplasm of potential commercial value.  It utilised existing IP 

much of it owned by DAFF Qld or licensed to DAFF Qld through Material Testing Agreements with third 

parties.  Some of the material that has been evaluated is public domain and therefore has no 

commercial restrictions and if proved beneficial can be made freely available to the industry.  Other 

material was included under testing agreements, so negotiations are required with the owners prior to 

commercial supply to industry.  This was the case with the launch of the ‘Barkley’ rootstock which had 

been introduced to Australia through a joint project between NSWDPI and ACIAR in the 1980s.  These 

negotiations were somewhat protacted but eventually resulted in an agreement whereby AusCitrus 

could propagate source trees for future seed sales to Australian growers.  Details of all germplasm and 

any crosses made and their ownership was outlined at the start of the project and contained within 

Milestone 102. Background IP (including all DAFFQ owned IP) equity was also established in this report.  

Equity is determined by each party’s project inputs and background IP contributions based on the 

information reported on in Milestone 102.  More recently, NSWDPI and DAFQ have re-negotiated a 

germplasm exchange agreement original set in place in 2005, so that any promising genotypes can be 

incorporated into the breeding program.  The original agreement prevented breeding, which 

undermined the value of any phenotyping activities conducted with this germplasm.  The new 

agreement allows breeding to occur. 

 

All material trialed on farm sites have been covered by Material Transfer (non-propagation) Agreements 

to ensure protection of the IP prior to commercialisation.  These agreements have been established by 

DAFQ in collaboration with the participating industry partners.  It is DAFQ policy that field trials cannot 

be established on non-DAFQ premises without a finalised MTA in place.  All project activities have met 

this requirement. 
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