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Executive Summary
This study demonstrates for the first time in an operational tree improvement program that
molecular information recorded at the DNA level can make an incremental contribution to
genetic and economic gain when coupled with quantitative tree breeding methods. The aim
of the project was to investigate the integration of molecular data into routine genetic
evaluation of plantation species, in this case Eucalyptus nitens commonly known as Shining
gum. Shining gum is an important plantation species grown in Tasmania and some areas of
Victoria.
Project collaborators (Gunns Limited and Forestry Tasmania) have been running conventional
tree improvement programs for Shining gum for more than three decades. The objective of
the programs has been to improve tree characteristics which are important commercially, such
as growth rate, tree form, wood and fibre quality, disease and pest tolerances. Good progress
has been made with current seed orchards and planting stock established with advanced
generation genetic material having much improved characteristics. Data from measurements
on trees in more than 150 field trials has been used to identify elite genotypes or trees with the
best combination of genes for commercially important traits.
The objectives of this project were to: (i) integrate molecular information with phenotypic
data for Shining gum in genetic evaluation; (ii) determine the utility or cost benefit of
molecular information (changes in DNA code sequence) in improving genetic gain for an
economic objective based on multiple traits; and (iii) disseminate the results and findings to
the Australian forestry industry.
The genotypic data used in the project was generated by CSIRO Division of Plant Industry as
part of the Hottest 100 project funded by FWPA. This project discovered a number of single
nucleotide polymorphisms (SNP) that account for a small proportion of the genetic variance
observed in wood quality traits. SNP-trait associations have the potential to increase the
accuracy of selection in breeding and deployment. Molecular based selection criteria
(MBSC) were generated for a set of 92 parent trees in seed orchards which were independent
of trees assessed in the initial discovery and validation populations. The MBSC are functions
of the SNP allele effects and the frequencies of the SNP alleles in the population.
The molecular data (MBSC) were then incorporated into a typical TREEPLAN analysis that
uses phenotypic performance data and pedigree information on 69,029 trees in 27 field trials
already residing in the DATAPLAN database for this species. The results are compared to
see if the molecular information has led to any further increase in gain for the particular trait
affected. Changes in the overall combined economic or multi-trait selection indices are then
used to gauge the benefit of pursuing the additional molecular information.
The results are promising with the molecular data, when integrated with phenotypic data,
improving the overall quality of the group of deployment clones selected for seed production
in an orchard.
Selecting the best 30 genotypes (and roguing the others) based on phenotypic data alone
among a group of 92 available in orchards for use as seed parents resulted in a predicted
marginal return of $554 net present value per hectare compared with deploying unselected
baseline seed. By integrating the molecular based selection criteria in the TREEPLAN
evaluation, an additional 10 percent or incremental gain of $55 NPV per hectare can be
achieved. This gain is the marginal gain or extra profit due to the deployment of improved
genetics. Although the group of orchard parents used for the comparisons are not the best
candidates identified by TREEPLAN in the population it demonstrates the utility of the
approach.
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Introduction
Aim
The aim of the project is to investigate the integration of molecular data into routine genetic
evaluation of plantation species such as Eucalyptus nitens.

Objectives




Integrate molecular based selection criteria with phenotypic data for E. nitens in a species
wide TREEPLAN analysis.
Determine the utility of molecular information in improving genetic gain for an economic
objective based on multiple traits.
Disseminate results and findings to the Australian forestry industry.

Background
Genetic improvement of planting stock can lift productivity and increase economic returns in
plantation forestry. Past gains made in tree improvement programs have been based
exclusively on traditional methods of quantitative genetics. That is, the predicted genetic
merit of a tree is based on its own performance as an individual, or parent, and that of its
relatives, for traits measured in field trials grown under commercial conditions. Use of
restricted maximum likelihood (REML) to estimate variance components, which are then
used in best linear unbiased prediction (BLUP) to predict genetic values has become the
paradigm in genetic evaluation, much like what had occurred in livestock improvement. Kerr
et al. (2012 in preparation) describe a BLUP-based genetic evaluation system that was
specifically designed to integrate forest tree data from hundreds of historical and current
progeny trials. The system is now being used to routinely update genetic values on a
program-wide basis in several temperate species (Pinus radiata, Eucalyptus globulus and E.
nitens) grown commercially in Australia.

The aim of the present study was to investigate the integration of molecular data into routine
genetic evaluation of one of these species, Eucalyptus nitens, commonly known as Shining
gum. Shining gum is an important plantation species grown in Tasmania and some areas of
Victoria. Study collaborators (Gunns Limited and Forestry Tasmania) have been running
conventional tree improvement programs for Shining gum for more than three decades. Data
from measurements on trees in more than 150 field trials have been integrated into a single,
multivariate analysis, which predicts genetic values for approximately 35 traits. Values for
these 35 traits are summarised into values for a reduced set of breeding objective traits that
have a direct economic impact. An economic index is then used to combine information on
breeding objective traits into a single value that is indicative of the net present value of the
genotype for deployment. Selection decisions are usually based on the index value.
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The molecular data arose from an association genetics study to examine allelic variation in
genes influencing kraft pulp yield (KPY) and cellulose content (CC). Approximately 100 cell
wall genes had been selected based on previous research (Thumma et al. 2005, 2009) and
literature searches. Full-length gene sequences of these candidate genes were obtained by
gene walking. Single nucleotide polymorphisms (SNP) were identified by high throughput
sequencing in unrelated individuals. Preliminary analyses have determined that at least six
SNP are consistently associated with variation in KPY and CC in at least two validation
samples, and may explain in excess of 10% of the total additive genetic variation.

The proposed mechanism for integrating the SNP data is to form molecular-based
observations, which are a function of the estimated allelic effects and allele frequencies. The
molecular-based trait is included in the multivariate analysis by treating it as if it were a
conventional (field-based) trait, with a genetic and error variance, and genetic co-variances
with other traits. Predicted genetic values for molecular- and field-based traits reduce to a
prediction of genetic values for breeding objective traits, which in turn are multiplied by their
economic weights to form a prediction of the index value. This mechanism for integration of
molecular data guarantees that selection pressure is not disproportionately used up on
increasing the frequency of the favourable allele at individual loci.

It has been suggested that markers should be used by industry to screen existing clonal seed
orchards to identify inferior genotypes for culling and to screen putative genotypes entering
the orchards. This is a valid proposal but should be achieved within the framework of a
genetic evaluation system that combines all information. Many quantitative traits affect
profitability and quantitative trait variation is most likely caused by a very large number of
loci, each with small effect. Unless SNP can be discovered that can account for all the
variation, for all traits with an economic impact, culling or screening only on the basis of
genotype statuses for SNP marker is likely to reduce profitability.

In summary the objectives of this study are to: describe how SNP marker data can be
combined to form a molecular-based phenotype; describe how the molecular-based
phenotypes are incorporated into routine genetic evaluation; and to determine the utility or
cost benefit of molecular-based phenotypes in improving genetic gain for an economic index
based on multiple traits. As part of the last objective we will be including a scenario where
genotypes are screened for entering a seed orchard on the basis of genotype status for SNP
loci only.
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Discussion
Neale and Savolainen (2004) proposed candidate-gene-based association studies as a method
of choice for identifying important alleles affecting quantitative traits in forest tree species.
They argue association studies will lead to more efficient methods of marker-assisted
breeding. However to date there have been no reports of the practical application of the
results of association studies in forest tree breeding. Resende et al. (2012) suggest that
association studies have yet to reveal loci that explain a sufficient proportion of total heritable
variance, before results can have practical utility. Wegrzyn et al. (2010) identified 13 singlemarker associations in nine candidate genes that were significantly associated with lignin
composition in poplars. Each marker explained a small proportion of the phenotypic variance
ranging from 1.2% to 3.8%. Gonzales-Martinez et al. (2010) identified multiple SNP-trait
associations in loblolly pine affecting earlywood specific gravity. They temper the claim of
40% of the additive variance explained with the need to undertake further validation across
different populations and field-testing environments.

The results of the present study suggest that a panel of SNP that explains as little as 8% of the
total additive variance for a selection criteria trait has practical benefit within the context of
screening genotypes for use in deployment. This statement, though encouraging, must also be
considered with some caution. The population samples used in this study do not adequately
represent the complete E. nitens population. Thus the markers identified in this study should
only be used for screening and selecting genotypes belonging to the sub-races represented.
More validation is required if screening is to be attempted in other sub-races.

A significant aspect of this work has been to specify procedures for the incorporation of
molecular data into routine genetic evaluation. The Southern Tree Breeding Association
(STBA) has opted to develop a comprehensive genetic evaluation system (TREEPLAN) that
is capable of analysing in excess of a hundred traits, measured across potentially hundreds of
progeny trials using a multi-trait and multi-site BLUP model customised for forest tree data.
The approach taken is to construct molecular-based phenotypes, which assign to molecularbased traits that are included in the BLUP analysis. The approach requires no substantial
changes to current BLUP software and is in a sense removed from the QTL discovery
process.

Will this approach remain relevant as advances are made in the areas of genomics and
statistical methodologies? To address this question it is convenient to summarise the process
into a series of four steps:
a)
b)
c)
d)

Discovery, estimation and validation of molecular effects
Prediction of a molecular phenotype
Validation of the molecular phenotype
Incorporation of the molecular phenotype into regular or routine evaluation
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We note here that use of “genomic” or “molecular” is interchangeable and both are used to
refer to any information gathered at the DNA level. Step a) is generally the domain of
dedicated institutions or research groups with expertise in molecular research. There is
expanding array of options for estimating effects. In the present study simple linear
regression sufficed because there were a small number of SNP located in targeted candidate
genes and the discovery and validation population samples were free of any significant
structure. If the whole genome has been covered by a dense SNP set and/or population
stratification existed then more complex procedures and models are required. On the one
hand there are methods that enforce model sparsity in keeping with the assumption that most
loci have a weak or no effect on the phenotype. There are variable selection methods such as
Bayes B (Meuwissen et al. 2001) or Bayesian shrinkage methods (e.g. Xu, 2003; Mutshinda
and Sillanpaa, 2011). Alternatively, there are models that do not enforce sparsity and
effectively divide the whole genome into a series of independent segments. Each segment
acts as a proxy for the sum of the effects of QTL it carries. The additive genetic variance can
be divided evenly among all segments and genomic effects are predicted using BLUP. This
procedure is often referred to as genomic BLUP or GBLUP. Step b) is needed to convert
marker locus effects into parameters from standard quantitative genetics theory. When locus
effects are considered fixed as was the case in the present study the additive variance stems
from random sampling of genotypes (Gianola et al. 2009) and assuming complete LD
between the marker and the QTL. If Bayesian methods are used Gianola et al. (2009)
highlight some problems relating marker effects to additive genetic variance and provide
expressions for their conversion. Under GBLUP Resende et al. (2011) give an expression to
predict the genomic breeding value (GBV), which is essentially what we have termed a
molecular-based phenotype. Step c) is required for determining the recovered additive
variance captured by the markers and for checking the accuracy of the molecular-based
phenotype. We have suggested a bi-variate model (6) that analyses the molecular-based
phenotype together with its corresponding field-based phenotype under certain constraints.
Resende et al. (2011), when using GBLUP have suggested cross-validation schemes where
individuals within the validation and training sets are interchanged repeatedly.

We have purposely made step d) our primary focus, since it has appeared not to have been
given much attention by forest geneticists up to this point. Our interest in step d) stems from
a conviction that the breeding goal consists of numerous traits, and given that markers will
unlikely capture all the genetic variance for all traits in the breeding goal, conventional
pedigree and phenotypic data is still required. A multi-trait individual tree model is our
choice because it can account for changes in trait variances due to previous selection on
correlated traits (Kennedy and Sorenson, 1988). In dairy cattle breeding genetic evaluation
that incorporates whole genome information is currently implemented as a multistep
procedure. Routine evaluation without genomic information is completed first. Genomic
effects are then estimated using adjusted phenotypes arising from the first step, usually for a
small, elite group of bulls. Finally genomic breeding values are estimated using a selection
index. Misztal et al. (2009) have suggested a unified procedure based on modifying the
numerator relationship matrix, A , to account for genomic information. The resultant matrix
6

expresses the actual realised proportion of the genome that two individuals share, when those
individuals have genomic information, but expresses the expectation of the proportion
otherwise. We are currently investigating the use of this approach in our multi-trait BLUP
model, in anticipation that whole genome SNP sets will become available in the near future.
The approach, in the context of our system, will negate the need to split selection criteria traits
in field-based and molecular-based.

In the meantime the current system for incorporating molecular data will be used to apply the
results of numerous association studies that are currently being undertaken in all species that
are of interest to the STBA. Improved genetic gain, hence profitability is likely to increase as
a result.
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The extent to which the Research Project Objectives were
achieved
The project was successful in achieving the objectives.
The current study is a milestone achievement because it is the first time we have been able to
successfully demonstrate added value from the use of molecular (SNP) data in an operational
tree improvement program. That is, the molecular data can influence the choice of genotypes
(parents) used in a seed orchard. It shows that for the first time after decades of research that
molecular data can be used to complement conventional tree breeding methods based on
quantitative genetics and phenotypic data. It also highlights the utility of the TREEPLAN
genetic evaluation system, considering all data (molecular and phenotypic) and full pedigree
in an industry wide analysis.

Integrate molecular based selection criteria with phenotypic data for E. nitens in a species
wide TREEPLAN analysis.
The project was successful in integrating molecular data into routine genetic evaluation of
Eucalyptus nitens, which is an important plantation species grown in temperate Australia.
Molecular based selection criteria were generated using data from the Hottest 100 project.
Phenotypic data associated with genotypes (trees) tested in 151 field trials (or orchards)
currently resides in the DATAPLAN system. The trials have been established and trees
assessed over decades of tree improvement by nine different companies and/or agencies. A
restricted subset of data from 27 of these trials was used in the comparative TREEPLAN
analysis done to integrate molecular phenotypes.

Determine the utility (cost benefit) of molecular information in improving genetic gain for an
economic objective based on multiple traits.
Proprietary bio-economic models of Gunns Limited and Forestry Tasmania are used for
TREEPLAN evaluations in E. nitens. Economic indices based on these models were used to
value the differences in genetic merit of different genotypes in the populations. This
approach allowed us to make an objective appraisal (in $ net present value per ha) of the merit
of incorporating additional molecular information into the evaluation. The project has
successfully achieved this objective, but more testing and comprehensive evaluations are
required to confirm the findings.

Disseminate results and findings to the Australian forestry industry.
The results and findings of the study were provided to Gunns Limited and Forestry Tasmania
on line (subject to proprietary restrictions) for use in deployment programs. The molecular
based selection criteria are available in DATAPLAN for further TREEPLAN evaluations as
new phenotypic data is generated. Dr Kerr presented results and findings to industry
personnel at several Technical Advisory Committee meetings in 2011. Representatives from
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industry, including Gunns and Forestry Tasmania, participated. The importance and
commercial relevance of the work was highlighted at an industry genome roundtable
(sponsored by FWPA) held 26 July 2011 in Melbourne in association with the Botanical
Congress. Dr McRae reported general findings at the recent AusTimber 2012 ForestWorks
conference in Mount Gambier promoting the importance of genetics in modern forestry
practices to industry. We plan to publish the innovative results in a leading journal, as well as
in various industry media outlets in the coming months as part of a broader promotion of the
benefits of genetics research.

The main message for senior executives of plantation grower and timber processing
companies is that we have been able to successfully demonstrate added value with molecular
(SNPs) data when incorporated with phenotypic data into routine genetic evaluation using
TREEPLAN. Adding molecular information into the E. nitens analysis resulted in a $55 NPV
per ha incremental improvement above the predicted marginal return of $554 NPV above
baseline for a set of improved seed orchard parents identified using conventional tree
breeding methods based on quantitative genetics and phenotypic data. That is, molecular
information has the potential to increase marginal gain due to improved genetics (not total
productivity) by a further 10 percent, based on the results from the study. Although the group
of orchard parents used for the comparisons were not the best candidates (marginal gains of
up to $1500 NPV for a kraft pulp objective) identified by TREEPLAN in the population, an
incremental gain was achieved.

Description of outputs achieved
Molecular-based phenotypes were generated and validated using data from the Hottest 100
project.
Integrated TREEPLAN analysis was successfully completed using molecular- and field-based
phenotypes associated with the genetic resources of E. nitens and the results stored in
DATAPLAN.
Economic indices to compare the value of genetic material described using molecular and/or
phenotypic information were generated and provided online to industry partners (Gunns
Limited and Forestry Tasmania).
The current study is a milestone achievement because it is the first time we have been able to
successfully demonstrate added value from the use of molecular (SNP) data in an operational
tree improvement program. Marginal gain from using molecular based selection criteria was
demonstrated through its impact on overall gain for the economic objective.
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Details of all Intellectual Property Rights and Confidential
Information created in the course of carrying out the Research
Project
Background Intellectual Property
Background Intellectual Property made available for this project remains the property of the
contributing party.
Genetic material and associated information (pedigree and tree measurement data) provided to
the project remain the property (and confidential information) of the contributing party.
Molecular data and associated technologies made available for use in this project remain the
property of the contributing party.
DATAPLAN®, TREEPLAN®, associated software and methods remain the property of the
Southern Tree Breeding Association Inc., PlantPlan Genetics Pty Ltd and partners.

Project Intellectual Property
Genetic values and economic indices generated using Background Intellectual Property will
be provided on a confidential basis to the party contributing the Background Intellectual
Property for their internal use.
CSIRO Plant Industry will own Intellectual Property connected with SNP‐phenotypic trait
associations. This includes knowledge of primer sequences and other relevant art pertaining
to establishment of the associations.
Enhancements made to DATAPLAN®, TREEPLAN® and associated software as part of the
project is owned by the Southern Tree Breeding Association Inc.
CSIRO Plant Industry and PlantPlan Genetics Pty Ltd each retain the Background Intellectual
Property relating to the methods they have already developed prior to the project
commencing.

Commercial implementation of the results
The molecular based selection criteria can now be routinely included in current and future
TREEPLAN analyses.

Difficulties encountered
None.
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Researcher’s recommendations for any further research or actions
needed to further assist commercial exploitation of the results of
the Research Project
The amount of useful molecular data is currently very limited. It would be ideal to increase
the number of associations such that the markers explain a greater proportion of the additive
genetic variance observed for the trait. The Hottest 1000 project will hopefully address this
issue.

Additionally, the SNP-trait associations were discovered using population samples that do not
adequately represent the whole E. nitens resource. In reality, only two sub-races have been
sampled. For greater applicability in international/national genetic evaluation analyses,
samples representing the whole resource should be used in any future studies.

The STBA has been encouraged that the current project has helped to bridge the
disconnection between molecular genetics research and operational breeding; and is
optimistic about future collaboration. We have built species wide databases for the plantation
industry which houses all phenotypic data, pedigree and associated information for E. nitens
and other plantation species in DATAPLAN. The TREEPLAN system has the utility to
routinely incorporate phenotypic and molecular based selection criteria into species wide
genetic evaluations. It is essential molecular geneticists engage with these delivery platforms
to ensure research results are adopted in routine tree improvement programs. Information in
isolation is not very useful. In summary we recommend that personnel associated with these
delivery platforms are represented in future molecular genetics projects that are targeting
species bred by the STBA or by STBA affiliated companies.

Alternative approaches to the generation and integration of molecular data need to be
explored. Firstly, there is the SNP discovery phase, followed by the detection of significant
associations that can be validated across multiple population samples. The paradigm
followed was essentially one of choosing the appropriate candidate genes and zeroing in on
putative QTL in those genes. Given that linkage disequilibrium (LD) is so weak in forest tree
populations the gamble is being able to hit on a SNP that is very close to the causative
mutation, if not it actually being the causative mutation. The integration of the generated
molecular data was then a process of summing up the effects of individual QTL into a
molecular-based phenotype. The assumption being that each QTL (or small chunk of
chromosome) is independent to the other QTL.

What if the paradigm was changed such that the whole genome could be effectively covered
by SNP marker, rather than zeroing in on certain loci? This implies effectively dividing up
the genome into a series of independent segments. The molecular geneticists would argue
that given that LD is so weak, the segments would have to be very narrow and an enormous
11

number of SNP markers are needed. Given the rate at which sequencing technologies are
advancing, we anticipate in the near future routinely genotyping trees for a vast number of
SNP may not be such an insurmountable problem. Under such a paradigm, alternative
strategies for integrating the molecular data, such as use of a genomic relationship matrix,
would need to be explored. Given the current project had a limited budget we could not
explore such strategies. Feasibility studies should be commenced that investigate the use of
statistical techniques now adopted by the animal breeders, who currently routinely genotype
elite animals for vast numbers of SNP markers.

There is a perceived lack of preparation for how marker genotypes are going to be stored on
an industry wide basis. We anticipate DATAPLAN will be adequate for storing molecular
based phenotypes, but not adequate as a repository for raw genotypes. There needs to be a lot
more discussion regarding how large amounts of raw genotype information is going to be
stored, converted to molecular-based phenotypes, and linked to DATAPLAN. This
discussion should involve all groups with an interest in E. nitens breeding and deployment.
That is, the plan must be formulated at a national or even an international level. Formal
linkages between DATAPLAN and databases/repositories for raw genotype data need to be
established.
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Researcher’s Disclaimer
Field performance of trees is influenced by management techniques, environmental
conditions and the genetic composition of each tree. The authors and their employers do not
guarantee the actual performance of trees in plantations based upon TREEPLAN genetic
values due to other factors directly influencing the performance of each tree. TREEPLAN
genetic values are also affected by the amount and quality of pedigree, measurement and
genetic parameter information, and the models used. While due diligence will be made to use
all this information appropriately, the derived genetic values will reflect any deficiencies.
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