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Executive Summary 

The aim of the Blue Gum Genomics project was to discover molecular markers in Eucalyptus 
nitens (EN) and Eucalyptus globulus (EGG) that control high value wood and growth traits 
and to enable the adoption of marker-assisted selection (MAS) by the Australian eucalypt 
plantation industry. The markers (single nucleotide polymorphic or SNPs) will allow breeders 
to select superior trees, and seedlings, that carry better versions of genes that influence 
commercial traits.  
 
Candidate genes controlling wood traits were identified by sequencing RNA samples 
extracted from xylem tissues of high and low KPY trees. Approximately 1200 candidate 
genes showing significant expression differences between high and low pulp yield trees were 
selected. Another 600 candidate genes with known functions in controlling wood and growth 
were also selected. Candidate SNPs were selected for genotyping by high throughput 
sequencing of these 1800 genes using unpublished methods.  
 
Growth and wood quality data were obtained for approximately 500 trees from each of three 
EN and four EGG provenance progeny trials. Cambial scrapes from each tree were used for 
DNA isolation and wood swarf samples were used for NIR analysis to predict wood traits. 
Microfibril angle (MFA) was obtained for three EN populations.  For each species about 770 
SNPs from candidate genes controlling KPY and growth were genotyped in each population. 
Single marker analysis was used to identify markers associated with pulp yield. In EN 205 
and 68 SNPs were associated with growth and KPY respectively. Similarly, in EGG 182 and 
62 SNPs were associated with growth and KPY respectively. In addition 96 SNPs were 
associated with MFA in EN. 
 
A major objective of the project was to identify markers that could be applied operationally in 
breeding programs for early selection. We tested the predictive ability of the markers by 
developing prediction models using both the trait data and genotype data from the populations 
sampled above (“training” populations). The models were then applied in unrelated “testing” 
populations to predict traits using only the genotype data. Correlations between marker 
breeding values (MBVs) and phenotype-based breeding values or clonal values in the test 
population gave an estimate of the predictive ability of the markers. A correlation of 0.48 was 
observed between MBVs and phenotype based breeding values of KPY for 68 Gunns seed 
orchard trees. Similarly for EGG we observed a correlation of 0.70 between MBVs and clonal 
averages of KPY in an ABP population.  
 
These results demonstrate that associated markers can be used to predict traits in unrelated 
populations growing in different environments; a result never achieved with any other 
markers used in trees. The significance of these results is that the MBVs estimated with 
associated markers can be used to screen large numbers of seedlings to select the best 
seedlings for breeding, thereby drastically reducing the breeding cycle as well as the number 
of progeny testing trials. However the biggest advantage of marker assisted selection with the 
associated markers is the ability to select complimentary parents for controlled crossing for 
large genetic gains.  The methodology and the strategies developed in this project can now be 
applied in industry breeding programs. 
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INTRODUCTION 

Trait improvement in forest trees is generally based on phenotypic selection. While this 
approach has been successful in improving traits such as growth, new genomic tools promise 
to improve the accuracy and efficiency of tree breeding. Problems associated with traditional 
breeding in forest trees include long breeding cycles, the cost of establishing, maintaining and 
measuring field trials, and the long delay until expression of important traits. In view of these 
difficulties it has been suggested that molecular markers linked to important traits may be 
useful in improving the efficiency of traditional breeding. Molecular markers may be used to 
select for important traits in the seedling stage which improves the efficiency of breeding by 
increasing the selection intensity and reducing the breeding cycles.  

QTL studies 
Initial attempts to identify markers linked to traits were based on quantitative trait locus 
(QTL) analysis. Genome-wide linkage analysis i.e., QTL analysis (Lander and Botstein 1989) 
has been widely used in plants to study the molecular basis of complex (polygenic) traits. By 
identifying patterns of co-segregation in complex traits with polymorphic markers these 
studies were aimed at revealing regions of the chromosome or genes (quantitative trait loci) 
that are inherited together over a few generations. QTL mapping is performed in pedigrees 
derived from controlled crosses and involves associating variation in regions of a genome 
with variation in selected phenotypic traits. Following this approach molecular markers linked 
to several important traits have been identified in different forest tree species. Some of the 
traits analysed in QTL studies include wood properties (Brown et al. 2003; Devey et al. 2004; 
Thamarus et al. 2004; Thumma et al. 2010b; Verhaegen et al. 1997), growth (Byrne et al. 
1997; Freeman et al. 2009; Grattapaglia et al. 1996; Thumma et al. 2010a), vegetative 
propagation (Grattapaglia et al. 1995; Marques et al. 2005; Marques et al. 1999; Thumma et 
al. 2010a) and disease resistance (Freeman et al. 2008; Myburg et al. 2004).  
 
While several of these QTL studies successfully identified genomic regions influencing 
complex traits they did not reveal markers that can be applied in breeding programs. This is 
due to several factors inherent in the QTL approach (Grattapaglia et al. 2012). QTL studies 
have low resolution i.e., only large genomic regions encompassing hundreds of genes can be 
identified as linked to traits. It is therefore very unlikely that the causal gene influencing the 
trait will be identified using QTL studies. In addition, the markers identified using QTL 
studies are frequently specific to the pedigree in which they were detected and not 
transferable to unrelated pedigrees. This is due to the low linkage disequilibrium (LD) 
generally found in forest trees. Linkage disequilibrium is the non-random association between 
alleles at different loci within a population. LD essentially tells us the size of chromosomal or 
gene segments that we would expect to be inherited intact within most individuals of a 
population. As LD often breaks down within very short distances, frequently within a gene, 
markers linked to QTL in one pedigree are usually not useful in another pedigree because of 
breakage of association between alleles in different genetic backgrounds. Because of these 
difficulties the focus of molecular breeding in forest trees has shifted to population-based 
association studies or linkage disequilibrium mapping. 

Association studies 
In natural populations recombination events accumulated over many years break most long 
range linkages leaving small stretches of tight linkage (Flint-Garcia et al. 2003).  Association 
studies using such populations often result in high resolution of marker-trait associations as 
only markers tightly linked to the trait show an effect on the trait because of the breakage in 
LD. Depending on the extent of LD markers identified using association studies generally are 
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within the candidate genes. Association studies are common in human genetic studies 
(McCarthy et al. 2008), however, several association studies have been reported in plants 
(Aranzana et al. 2005; Atwell et al. 2010). Unlike in QTL studies where specialized 
controlled-cross families are required, existing populations can frequently be used in 
association studies. This is particularly attractive in forest trees as development of specialized 
crosses such as full sib families is slow and expensive. Many existing forest tree provenance 
progeny trials and breeding populations are suitable for association studies as they generally 
include numerous unrelated families. As genetic variation in the whole population is studied 
and associations are detected using the entire population, markers identified in association 
studies can immediately be applied in breeding programs.  
 
The first reported association study in a forest tree species revealed polymorphisms in 
cinnamoyl CoA reductase (CCR), a lignin biosynthesis gene, that were associated with 
changes in the orientation of cellulose microfibrils in wood fibre cells in Eucalyptus nitens 
(Thumma et al. 2005). Cellulose microfibril angle (MFA; the overall angle that cellulose MFs 
make with the longitudinal axis of wood cells) largely dictates wood stiffness, a trait of 
considerable commercial importance. In some angiosperms reductions in MFA are an 
adaptive response to gravity-induced tension forces in the upper sides of branches and leaning 
stems (QIU et al. 2008). Several SNP markers from different cell wall candidate genes have 
since been found to be associated with structural and chemical wood traits in loblolly pine 
(Pinus taeda) (Gonzalez-Martinez et al. 2007), P. radiata ((Dillon et al. 2012; Dillon et al. 
2010), and Eucalyptus nitens (Southerton et al. 2010; Thumma et al. 2009; Thumma et al. 
2005). Eckert et al. (2009) identified 30 highly significant genetic associations in 12 cold 
tolerance candidate genes with cold hardiness in Douglas-fir and SNPs in water-deficit 
inducible genes were associated with water-use efficiency estimated by carbon isotope 
discrimination in loblolly pine (Gonzalez-Martinez et al. 2008). Several of the associated 
genes identified in these studies have been validated by linkage analysis in pedigrees (Eckert 
et al. 2009; Gonzalez-Martinez et al. 2007; Thumma et al. 2009; Thumma et al. 2005) and 
several associated SNPs have been validated in other diverse unstructured populations (Dillon 
et al. 2010; Southerton et al. 2010) .  

Genomic Selection 
While association studies are successful in identifying useful markers, the effect of individual 
markers is typically too low to justify their application in tree breeding programs 
(Grattapaglia et al. 2012). Recently it was suggested that genomic selection (GS) may be 
useful for marker based selections in forest tree breeding (Grattapaglia et al. 2009). Genomic 
selection was first proposed by Meuwissen et al. (2001) and has been widely used by animal 
breeders (Hayes et al. 2009). More recently, GS has been applied in crop breeding as well as 
forest tree populations (Heffner et al. 2011; Resende et al. 2012a; Resende et al. 2012b; 
Riedelsheimer et al. 2012). In GS, large numbers of markers randomly distributed across the 
genome are genotyped in small effective populations with high levels of LD. A high density 
of markers is required to maximise the chances of at least one marker being in LD with the 
QTL. Effects of all the markers are used simultaneously to develop prediction models in 
‘training’ populations (Heffner et al. 2009). As the number of predictors (markers) is 
generally higher than the samples (p >> n) fixed regression methods using ordinary least 
squares cannot be used for developing prediction models. Statistical methods which treat 
marker effects as random, such as ridge regression best linear unbiased prediction 
(RR_BLUP) and various Bayesian models are used for developing prediction models.  The 
estimated model is then used to predict phenotypes in ‘validation’ populations using only the 
marker genotype information. The predictions generated using marker genotypes are termed 
genomic estimated breeding values (GEBVs) which can be used to select individuals without 
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phenotypic data. The accuracy of GS is assessed by correlating GEBVs with the breeding 
values predicted using traditional methods that utilise phenotypic data (Heffner et al. 2009).  
 
A major advantage of using marker assisted selection (MAS) in forest trees is the acceleration 
of genetic improvement per unit-time though the reduction in the time required to complete 
breeding cycles. Simulation studies have indicated that selection efficiency, or the level of 
genetic improvement realised using GS relative to the traditional tree improvement 
techniques, may be greater than 100% (Grattapaglia and Resende 2011). In the first study to 
apply this approach in tree breeding, Resende et al. (2012b) genotyped more than 4000 
markers in 800 clonally replicated trees in order to develop prediction models for growth 
traits in loblolly pine (Pinus taeda). The accuracies of the prediction models were found to be 
high, ranging from 0.63 to 0.75. Similarly high accuracies, ranging from 0.55 to 0.88, were 
observed for growth and wood traits in Eucalyptus breeding populations using more than 
3000 markers (Resende et al. 2012a). While the accuracies obtained with GS were high within 
a population, attempts to validate the models in other populations produced low accuracies. 
This suggests that the prediction models generated by both studies were population and/or site 
specific.   
 
Small effective populations with high LD are typically required for the application of GS 
(Grattapaglia and Resende 2011). However, most forest tree breeding populations consist of 
tens to hundreds of families with numerous progeny of each individual established in various 
progeny trials in order to estimate the genetic merit of the parents. LD in these genetically 
diverse breeding populations is typically low (Neale and Kremer 2011) with more narrow 
deployment populations showing higher levels of LD (Grattapaglia and Resende 2011; 
Resende et al. 2012b). To enable wider application in forest tree breeding, marker-assisted 
selection methods using existing populations are required. Recently it was proposed that 
markers from association studies may be used for developing prediction models in low LD 
populations (Thavamanikumar et al. 2013). As markers from association studies are generally 
in high LD with functional or causal variants, prediction models with these markers should be 
valid over several generations. Moreover by using stable markers i.e., markers with allelic 
effects similar across different populations it is possible to predict traits in different 
populations and environments.  
 
In the current project we applied the methodology demonstrated in the H100 and other 
CSIRO research projects to Australia’s major plantation eucalypt species to identify markers 
controlling growth and KPY in E. globulus and growth, KPY and MFA in E. nitens. Large 
numbers of candidate genes and candidate SNPs were identified using transcriptomics and 
high throughput sequencing.  These markers were then genotyped in trees which had been 
phenotyped for growth and wood traits in four separate trials in each species. Association and 
meta-analyses were used to identify markers that were significantly associated with each trait 
across the four populations. Finally, accuracies of marker breeding values (MBVs) were 
assessed in testing populations to demonstrate their effectiveness in operational marker-
assisted selection.  
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METHODOLOGY 

RNA sampling for identification of candidate genes 
Plant material for RNA extraction was sourced from two trials of E. nitens at Meunna (-
41.080S, 145.470E) and Florentine (-42.540S, 146.510E) in Tasmania, Australia were used in 
this study. Meunna and Florentine are approximately 350 kilometres apart and located at an 
altitude of 297 m and 266 m above mean sea level, respectively. The annual rainfall of 
Meunna and Florentine are 1007 mm and 1225 mm, respectively. The two trials were 
established in 1993 to trial the performance of 420 E. nitens families, each represented by 
two-tree plots in each of five replicates. Cambial scrapings for RNA extraction were collected 
from 44 trees, 22 each from high pulp yield and low pulp yield extremes in the Meunna trial 
(March 2011) and 66 trees, 33 each from high pulp yield and low pulp yield extremes, in the 
Florentine trial (May 2012). 
 
Total RNA was isolated from the cambial scrapings following a modified CTAB method as 
described in (Le Provost et al. 2007). RNA samples were then treated with TURBO DNA-free 
Kit (Cat No. AM1907, Ambion) to remove contaminating DNA from RNA preparations and 
to remove the DNAse from the samples. Concentrations of RNA samples were measured 
using a QUBIT flourometer and all the samples were normalized to 100ng/ul. An equimolar 
concentration of total RNA from trees in each category (high and low pulp yield) was pooled 
into three bulks of seven to eight trees each in Meunna and 11 trees each in Florentine. RNA 
quality was checked using an Agilent 2100 Bioanalyser. These three bulks from each 
treatment were used as biological replicates in differential gene expression analyses.  
 In total, six RNA bulks from two treatments (three from high and three from low pulp yield) 
from each trial were sequenced (paired end) at the Australian Genome Research Facility using 
the Illumina HiSeq platform. Raw sequence reads were obtained using the Illumina CASAVA 
pipeline version 1.8.2.  
 

Sampling for association studies 
Plant material for association analysis was sourced from several industry populations growing 
in a range of environments in order to aid in the identification of markers that are reliably 
associated with wood quality and growth traits across environments.  E. nitens provenance 
progeny trials located at Meunna, Florentine, Geeveston and Loudwater (TAS) and E. 
globulus provenance progeny trials located at Latrobe and West Ridgley (TAS) and four trials 
at Busselton (WA) were sampled for wood and DNA (Fig. 1). Approximately 500 trees were 
sampled in each trial. The samples collected for DNA isolation were leaf material if the trees 
were not too tall.  For larger trees, cambium was collected from within a small bark window 
and placed in CTAB buffer (Fig 2).  Wood samples were collected at breast height (1.3m) by 
drilling to a depth of 40 to 50mm using a high speed cordless drill and a 10 or 12mm drill bit.  
Swarf samples were dried at room temperature for several days before grinding in a small mill 
for NIR analysis. 
 
Three E. nitens trials were chosen for analysis of solid wood properties. Wood cores 
previously collected from 300 trees in the Meunna trial were used for SilviScan analysis. 
About 500 trees were felled to collect wood and leaf samples in the Tarraleah and Geeveston 
trials.  A wood disc, 50 mm thick, was cut from the stem at 5.5 m above ground level. 
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Wood phenotyping 
Near infrared reflectance (NIR) spectra were acquired on each ground swarf sample from all 
of the trials. Spectra were acquired using a Bruker MPA between 1,000 and 2,500 nm at 2 nm 
spectral resolution. Cellulose content, KPY, Klason, acid-soluble and total lignin and 
extractives for each wood-meal sample was predicted from the NIR spectra using previously 
developed NIR calibrations . Near infrared (NIR) spectra were acquired on each tree using a 
Polychromix Phazir between 950 and 1,800 nm at 8 nm spectral resolution. Spectra were 
recorded at five (5) points on the radial face of the wedges and averaged to provide a single 
spectrum per wedge. Multivariate data processing was performed using The Unscrambler 
v9.7 (CAMO A/S, Norway, www.camo.no). A calibration model was previously developed 
using Projection to Latent Structures (PLS) regression using spectra obtained on bark 
windows of solid wood stems. A total of 59 samples were used in the development of the 
calibration model, which was based on first derivative spectra (Savitsky-Golay, 7 point 
window). Two samples were removed from the calibration after identification as spectral 
outliers. 
 
Disks from the three E. nitens trials were cut to produce 2 wedges (one for basic density 
determination and the other for checking assessment) and a 10 mm wide pith to cambium 
plinth that was air dried and ground for NIR. A 2 x 7 mm pith to bark plinth was cut from a 
wedge from each trees and used for SilviScan analysis.  
 
 

SNP discovery and genotyping  
Candidate genes discovered from RNA sequencing were used for discovering SNP markers. 
High thoughput sequencing of candidate gene in selected trees was used to identify candidate 
SNPs in confidential methods. 100 bp flanking each candidate SNPs were used to develop 
SNP genotyping assays. DNA samples collected from EN and EG populations were 
genotyped using an in house ‘Fluidigm’ genotyping system. 
 

Association analysis 
Single marker association analysis using a general linear model (GLM) was carried out using 
the genotype data from the four populations for each species using published methods 
(Thumma et al. 2005).  
 

Estimating marker breeding values (MBVs) 
Significantly associated markers were used in estimating MBVs. Marker effects were 
estimated by treating markers as random. Several models (random regression best linear 
unbiased prediction - RRBLUP, Bayesian LASSO - BL, Bayesian linear regression - BLR 
and partial lease squares - PLS) were tested to compare the accuracy of MBVs. Prediction 
models were developed using marker and genotype information from training populations. 
Accuracy of the prediction models was tested by correlating MBVs obtained from training 
population using only the genotype information with the phenotype data of the testing 
population.  
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RESULTS AND DISCUSSION 

Transcriptome sequencing of high and low pulp yield trees in Eucalyptus nitens 

Differential gene expression 
Sequencing reads from high throughput sequencing were quality trimmed and mapped to the 
Eucalyptus grandis reference sequences using ‘TopHat’ (Trapnell et al. 2009) package to 
develop gene models. Sequencing reads mapping to the predicted genes were analysed with 
‘edgeR’ (Robinson et al. 2010) package to identify genes differentially expressed between 
high and low KPY bulks. In general the correlation in gene expression between the three 
biological replicates from the high and low KPY bulks was high for all the genes analysed; 
however, the correlation between the three replicates was higher in the high pulp yield 
samples (Fig 1). In total 3953 transcripts showed consistent differential expression in both 
trials (THAVAMANIKUMAR et al. 2014). The genes up-regulated in low KPY trees were largely 
involved in biotic and abiotic stress response reflecting the low growth among low KPY trees. 
Genes down-regulated in low KPY trees mainly belonged to gene categories involved in 
wood formation and growth. 
 

 
Figure 1: Heat map show ing the correlation in gene expression betw een biological 

replicates from high and low  KPY bulks. Intensity of the colour indicates the 
degree of correlation. Dark colour indicates higher correlation. 

 
Several genes influencing cell wall biosynthesis were found to be differentially expressed 
between the high and low KPY bulks. Among the genes with high expression, many well 
known cell wall genes such as FLA12, TUB2, CESA6, COBL and SUS4 showed significantly 
higher expression in high KPY trees (Table 1).  
 
 
 
 
Table 1: Top 20 genes with higher expression in high KPY trees 
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gene id log2FoldChang

e 
P adj Arabidosis homolog 

Eucgr.J00938 -3.0 1.6E-30 FLA12 
Eucgr.E04327 -5.0 8.5E-28 Glycosylase  
Eucgr.B03715 -6.3 9.5E-26 Gibberellin-regulated 
Eucgr.D01847 -2.7 8.6E-25 Beta tubulin 
Eucgr.K02919 -2.9 2.1E-24 CYP88A3 
Eucgr.J00937 -3.4 2.4E-24 Unknown 
Eucgr.G01488 -2.9 1.0E-22 Alpha/beta-Hydrolases 
Eucgr.F04216 -2.5 1.9E-22 Cellulose synthase 
Eucgr.F04217 -2.5 3.3E-22 Unknown 
Eucgr.H00463 -2.6 3.3E-22 RIC4 
Eucgr.J00170 -2.5 3.5E-22 TBL33 
Eucgr.H01314 -2.6 3.8E-22 Protein kinase 
Eucgr.H05072 -2.4 1.4E-21 Aspartyl protease 
Eucgr.L03200 -2.8 3.3E-21 FSD2 
Eucgr.H02071 -2.5 1.1E-20 Unknown 
Eucgr.C00246 -2.3 1.4E-20 IRX3 
Eucgr.A01324 -2.3 1.6E-20 Cellulose synthase 
Eucgr.F04212 -2.6 1.7E-20 Cellulose synthase 
Eucgr.A01172 -2.4 1.7E-20 IRX9 
Eucgr.H01008 -2.6 2.0E-20 Unknown 

 

Function of differentially expressed genes 
To identify the function of the differentially expressed genes we carried out gene ontology 
(GO) enrichment tests. Several cell wall biosynthesis related gene categories were enriched 
among the genes up-regulated in the high KPY bulk (Table 2). Among the up-regulated genes 
in the low KPY bulk, however, several drought stress related gene categories were enriched 
(Table 3). Enrichment of drought stress gene categories among the up regulated genes in low 
KPY trees is likely to be due to the poorer growth observed in the low KPY trees.  
 
Table 2: Top 12 gene categories enriched in high pulp yield trees. 

     
GO CATEGORY 
GO:0007010 cytoskeleton organization 
GO:0007017 microtubule-based process 
GO:0042546 cell wall biogenesis 
GO:0005975 carbohydrate metabolic process 
GO:0071554 cell wall organization or biogenesis 
GO:0070882 cellular cell wall organization or biogenesis 
GO:0030029 actin filament-based process 
GO:0009832 plant-type cell wall biogenesis 
GO:0030036 actin cytoskeleton organization 
GO:0071669 plant-type cell wall organization or biogenesis 

    

9 
 



 
GO:0007167 enzyme linked receptor protein signaling pathway 
GO:0007169 transmembrane receptor protein signaling pathway 

 

     
 
 
Table 3: Top 12 gene categories enriched in low pulp yield trees. 

 
GO CATEGORY 

GO:0050896 response to stimulus 
GO:0009311 oligosaccharide metabolic process 
GO:0009607 response to biotic stimulus 
GO:0006950 response to stress 
GO:0051707 response to other organism 
GO:0005984 disaccharide metabolic process 
GO:0006952 defense response 
GO:0051704 multi-organism process 
GO:0016137 glycoside metabolic process 
GO:0006811 ion transport 
GO:0042221 response to chemical stimulus 
GO:0009624 response to nematode 

 
 

DNA and wood cores sampled from eight industry populations 
The major goal of the project was to sample several industry populations growing in a range 
of environments in order to aid in the identification of markers that are reliably associated 
with wood quality traits across environments.   Field trips were conducted to Tasmania 
(Florentine Valley, Latrobe and West Ridgley.), Victoria (Mt Worth) and Western Australia 
(Busselton and Mt Barker). In addition, Dean Williams sampled a Forestry Tasmania  E. 
nitens trial at Geeveston and Nigel England completed the sampling of an E. globulus trial 
growing near Albany. The samples collected for DNA isolation were leaf material if the trees 
were not too tall.  For larger trees, cambium was collected from a small bark window and 
placed in buffer (Figure 2).  Wood samples were collected at breast height by drilling to a 
depth of 40 to 50mm using a high speed cordless drill and a 10 or 12mm drill bit.  Swarf 
samples were dried at room temperature for several days before grinding in a small mill for 
NIR analysis.   
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Figure 2.  Cambial tissues collected from Florentine for DNA isolation and w ood swarf 

collected in the Busselton Otways population for NIR analysis. 
 

About 6,600 trees were sampled in the project (Table 4).  DNA was successfully isolated 
from almost all of the trees.. NIR analysis was performed on each swarf sample twice and 
wood quality traits calculated from the mean of the two predictions. About 520 wood samples 
from Tarraleah and 500 from Geeveston were analysed by SilviScan II. The details of the 
trials sampled are shown in Table 4a and b. 
 
 
 
Table 4a. Eucalyptus nitens trials sampled for DNA and wood swarf 

 
Trial location Provenance(s) Families Trees 

sampled 
Trait 
analysis 

Meunna (H100) Central Victorian 420 420 NIR 
Tarraleah (H100) Central Victorian 150 520 NIR/Solid 
Loudwater (H100) Central Victorian 140 420 NIR 
Florentine Central Victorian 420 420 NIR 
Geeveston Central Victorian 125 500 NIR/Solid 
Mt Worth Central Victorian 85 460 NIR 
Mt Worth Tallaganda (NSW) 115 457 NIR 

 
 
Table 4b. Eucalyptus globulus trials sampled for DNA and wood swarf 

    
Trial location Provenance(s) Families Trees 

sampled 
Trait 
analysis 

Latrobe TAS Otways 150 470 NIR 
Latrobe TAS Flinders 99 440 NIR 
W. Ridgley TAS Otways 150 469 NIR 
Busselton WA Otways 169 518 NIR 
Busselton WA Flinders 104 556 NIR 
Busselton WA SE Tasmania 101 459 NIR 
Busselton WA Gippsland 86 518 NIR 
Mt Barker WA King Island 75 407 NIR 
Albany WA  Mixed 100 (est) 900 NIR 

 
 
 

Quantitative genetic analysis 
Each trial that was sampled for wood quality traits was analysed to estimate genetic 
parameters with particular interest in the heritability of the traits. Acceptable heritability 
estimates for all traits indicate there were no issues with the sampling, labelling, processing 
and estimation of wood properties using existing NIR models. In addition to estimating 
parameters with univariate models, multivariate models were used to ensure genetic 
correlations were consistent across populations.  Heritability estimates from either approach 
were similar with multivariate analyses generally lower than univariate estimates while 
genetic correlations were typical of those found in blue gum populations.  
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Considerable effort was also spent collating data from past assessments of the Meunna, 
Tarraleah and Loudwater EN trials with data that was collected as part of the Blue Gum 
Genomics and prior Hottest 100 projects. All data from David Blackburn and Mathew 
Hamilton’s analysis may now be integrated into prediction of an individual’s merit for 
association analyses, with additional solid wood traits from the Blackburn datasets now 
attached to each tree from which DNA has been extracted.  Bivariate analyses using both 
assessments as separate traits show that the historical assessments are highly correlated with 
data that has been gathered as part of this project and future association analyses may benefit 
from using predictions from these broader datasets.  
 
Table 5. Heritability estimates – E. nitens 

 
Trial location Provenance(s) in 

trial 
Families Heritability 

 
DBH KPY Cellulose Density 

Meunna (H100) Cen. Vic. 420 0.34 0.51 0.51 - 
Tarraleah 
(H100) 

Cen. Vic. 150 0.29 0.50 - 0.44 

Loudwater 
(H100) 

Cen. Vic. 140 - 0.39 0.45 0.60 

Florentine Cen. Vic. 420 na na na na 
Geeveston Cen. Vic. 125 - - - - 
Mt Worth 
(2 trials) 

Cen. Vic. & 
Tallaganda 

115 & 85 - 0.13 0.05 0.07 

na = not applicable as only a single tree was sampled per family 
 
About 500 wood wedges from Tarraleah and 500 from Geeveston were sent to Rob Evans in 
Clayton for SilviScan analysis. The wedges were sampled from about 5m up the tree after 
felling. SilviScan traces were obtained for 498 trees from Geeveston and 471 trees from 
Tarraleah. The mean MFA, MOE and density for each trial and their heritabilities are shown 
in the table below.  
 

Table 6. Heritability estimates for E. nitens solid wood traits  

 
Trial location Provenance(s) in 

trial 
Families Heritability 

 
MFA MOE Density 

Tarraleah TAS Central Victorian 150 0.43 0.95 0.76 
Geeveston TAS Central Victorian 150 0.3 0.51 0.64 

 
 
In E. nitens as expected the estimates of heritability for growth are lower than wood traits 
(Tables 5 and 6). These estimates reflect the fact that growth is a complex trait controlled by 
many genes while wood traits are controlled by fewer genes compared to growth. The 
heritability estimates for the two Mt. Worth E. nitens trials were very low. Consequently these 
trials were not used further in this study. In E. globulus  higher heritability was observed in 
the Western Australian (Busselton) trials compared to the Tasmanian trials (Table 7).  
 

Table 7. Heritability estimates – E. globulus ssp. globulus 
 

Trial location Families Heritability 
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Provenance(s) in 
trial 

 
DBH KPY Cellulose Density 

Latrobe TAS 
(2 trials) 

Otways & 
Flinders 

150 & 99 - 0.45 0.40 0.35 

West Ridgley 
TAS 

Otways 150 0.1 0.35 0.32 0.49 

Busselton WA Otways 169 0.14 0.35 0.34 0.41 
Busselton WA Flinders 104 0.89 0.74 0.71 0.80 
Busselton WA SE Tasmania 101 0.76 0.62 0.60 0.75 
Busselton WA Gippsland 86 0.31 0.93 0.86 0.75 
Mt Barker WA King Island 75 - - - - 

 

SNP discovery and genotyping 
Transcriptomics experiments revealed thousands of candidate genes likely to be involved in 
wood development and growth (THAVAMANIKUMAR et al. 2014). From this data a “shortlist” 
of the best 1855 candidate genes were selected for SNP discovery. About 384 candidate KPY 
SNPs and 384 growth SNPs were selected for genotyping across 3 to 4 of the project 
populations in each species. Ninety six candidate SNPs were selected for MFA which were 
genotyped in three EN (Meunna, Tarraleah, Southport) populations. 
 
For both EN and EGG, approximately 100 bp of DNA sequence flanking each SNP were sent 
to Fluidigm (San Francisco) for the design of genotyping assays. The SNPs were genotyped 
across approximately 400 trees from each of the populations used for HT sequencing (above). 
The fail rate of the SNP assays was about 15%. This is normal with most genotyping 
platforms and is likely to be due to the nature of the DNA sequence adjacent to the SNP and 
the occurrence of nearby SNPs. Of the SNP assays that did genotype, the successful call rate 
across all DNA sample:SNP combinations was about 97%.  
 

Association analysis 
Since wood and growth traits frequently display some measure of correlation, we expected 
several SNPs to affect multiple traits. For this reason for each trait we chose to carry out 
association analysis with (1) a proportion of SNPs selected specifically for that trait from HT 
sequencing and (2) all SNPs selected from HT sequencing for the other traits. For KPY and 
growth about 786 SNPs were used in the association analyses in both the species. Single 
marker association analysis using a general linear model (GLM) was carried out using the 
genotype data from the four populations for each species. For each species we then carried out 
meta-analysis using the data from all four populations. From our experience in the H100 
project, combining the data from multiple populations (meta-analysis) significantly increases 
the power to detect associations. Meta-analysis provides stronger support for the effect of a 
variant compared to a highly significant result from a single study (Munafò and Flint 2004). 
Results from meta-analysis are shown in Table 8.  
 
 

Table 8. Number of SNPs associated with Growth, KPY and MFA in E. nitens and. E. 
globulus  

 

Trait Significant 
SNPs  

(p<0.05) 

Highly 
significant SNPs 

(p<0.01) 

Highly 
significant       

(%) 
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Growth (EN) 205  142 69 
KPY (EN)  68 43 63 
Growth (EGG) 182 106 58 
KPY (EGG) 62 25 40 
MFA (EN) 96  61 64 
All SNPs 517 377 62 

 
 
A large number of the candidate SNPs  selected from HT sequencing were significantly 
associated with different traits in both EN and EGG. Forty three SNPs in EN and 25 SNPs in 
EGG were highly significantly associated (P<0.01) with KPY. All of the identified SNPs are 
stably associated with KPY across four populations. There was a strong bias towards highly 
significant markers (p<0.01) among the markers which are significant at p<0.05. Overall, over 
60% of significant markers were highly significant (p<0.01). The strong bias towards very 
low p-values is evidence that the SNPs are genuinely associated with the trait, which is a 
result of a priori selection of the candidate SNPs.   
 
The marker identification success rate for growth and KPY were very similar in both species. 
We expect this is due to the fact that a similar number of genes impact variation in each trait 
in the two species. The much higher number of significant markers for growth may be partly 
due to the low technical error associated with DBH measurements and the high variation in 
the trait observed in the trials. Growth is also a highly complex trait and we expect more 
genes to influence it and consequently more allelic variation to be present leading to more 
associations.  
 
We observed the highest success rate for marker discovery in our MFA experiments (Table 
8). Of the 96 SNPs selected from sequencing 95 genotyped successfully. Of these 95 SNPs, 
61 (64%) were significantly associated with MFA in the Meunna, Tarraleah and Southport 
trials. For the other traits the frequency of associated markers in the first 96 SNPs (out of 384) 
was typically between 35 and 45%. An additional 35 MFA associated markers were identified 
from among the growth and KPY SNPs (see Table 8). 
 
The SNPs were located in genes with a wide range of functions and in some cases multiple 
SNPs in the same gene were associated. Multiple SNPs lying in the same gene are most likely 
to be in high LD (always inherited as a block of adjacent SNPs) with the SNP causing the trait 
variation, however, there may be multiple causative SNPs in the same gene. A very 
interesting finding was that there was little evidence that EN and EGG share a significant 
proportion of SNPs controlling KPY. Only one SNP (SNP13 in EN and SNP28 in EGG) in a 
transcription factor (HSFA2) was associated with KPY in both species.  
 
A particularly interesting result from the MFA association analysis was the discovery of a 
SNP in a beta-tubulin gene and a fasciclin-like AGP (FLA) that were associated with MFA. 
We previously  published a paper showing that tubulin genes play a role in influencing MFA 
in eucalypts (SPOKEVICIUS et al. 2007) and in 2010 we published a paper showing that FLA 
proteins influence the biomechanical strength of plant stems(MACMILLAN et al. 2010). 
Several other associated SNPs were also clearly involved in cellular processes that were 
linked directly to cellulose deposition in the cell wall. This is additional evidence that the 
markers we are identifying are sitting in genes that are influencing the trait.    
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Application of markers in breeding   
A major goal of the BGG project is not only the discovery of molecular markers influencing 
KPY and growth in EGG and EN, but also the development of strategies for applying markers 
in breeding programs. A crucial first step in this process is being able to demonstrate that the 
markers can accurately predict phenotype in new “testing” populations, which are 
unconnected with the populations used for marker discovery.  
 
The associated growth and KPY markers listed above were tested in separate populations to 
confirm that they can predict the traits. In predicting the trait values the effects of all the 
markers were used in developing prediction models using ‘training’ or ‘discovery’ 
populations not connected to the testing population. These models are then used to predict 
marker estimated breeding values (MBVs) of the individuals in the testing population using 
only the genotype data. The accuracies of the MBVs (predictive ability of markers) are 
obtained by correlating MBVs against traditional pedigree-based breeding values 
(THAVAMANIKUMAR et al. 2013).  
 

Demonstrating predictive ability of markers 
We used 64 Gunns clonal seed orchard trees as a testing population for EN. These trees 
possess comprehensive KPY and growth BVs (phenotypic breeding values or PBVs) based on 
growth data collected in 18 trials, a subset of which (~5000 trees) were phenotyped for KPY. 
Field trials at Meunna, Tarraleah, Florentine and Loudwater were used as training 
populations.  For EGG we used approximately 70 clones growing across three ABP trials in 
WA, two near Albany and one near Esperance as testing population. Approximately 6 ramets 
per clone were phenotyped for KPY and between 6 and 24 ramets measured for growth. Field 
trials at Busselton, West Ridgley and Latrobe (Shale Oil) were used as training populations. 
We genotyped all EN KPY and growth markers across the Gunns EN trees and all the EGG 
KPY and growth markers across the ABP EGG trees. The genotype data was then used to 
calculate MBVs for each tree. We then tested how well the MBVs predicted the phenotypic 
values by observing the correlation between the MBVs and the estimates of genetic merit 
from the progeny tested clones (BVs) in Gunn’s seed orchard and the clonal averages of the 
replicated clones in the ABP field trials. The correlations (predictive ability of the markers) 
we obtained are shown in Table 9.  
 

Table 9. Correlation between marker estimated breeding values and phenotypic estimates 
in E. nitens and E. globulus  

 
 
 

 
 

 
The accuracy of our marker predictions is significantly higher in the clonal EGG populations. 
This is most likely because the marker associations predict both additive and non-additive 
(dominance and epistatic) effects and the clonal estimates from the ABP clonal trials also 
contain both additive as well as non-additive effects. Whereas in EN, the MBVs are correlated 
with additive breeding values from progeny tested trees. This is one of the first studies in any 
plant species where high accuracies of MBVs were observed in testing populations which are 
different to the training population and growing in environments different to training 

Trait E. nitens E. globulus 
Growth  0.28 0.50 
KPY 0.48 0.70 
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populations. These results demonstrate the robustness of the predictions that are possible 
using associated markers rather than the random markers in prediction models. 
 

Accuracy of MBVs is limited by phenotype data 
We observed that the predictive ability of our EN KPY MBVs increased as we increased the 
number of markers used to calculate them. However the predictive ability reached a 
maximum of about 0.48 when only 40 percent (27 out of 68) of the markers were used. The 
predictive ability of MBVs calculated using more than 40 percent of the markers did not 
improve significantly beyond 0.48 (Fig 3). This indicates that predictions made using all of 
our KPY markers are more accurate than the phenotypic BVs.   
 

 
Figure 3. Predictive ability of KPY MBVs calculated using different proportions of 68 KPY 

markers. The MBVs w ere tested against the PBVs of 64 Gunns seed orchard 
trees.  Total SNP number = 68. Correlation = 0.48. Note: The SNPs used to 
calculate the different MBVs w ere randomly selected. 

 
 
We carried out the same test with our growth markers and observed a similar trend (Fig 4). 
The predictive ability of our MBVs reached a maximum of about 0.27 when we used only 25 
percent of our markers and didn’t increase even when we used all of our growth markers. This 
suggests that the accuracy of the marker predictions exceeds the accuracy of the phenotypic 
values.    
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Figure 4. Predictive ability of grow th MBVs calculated using different proportions of ~200 

grow th markers. The MBVs were tested against the PBVs of 64 Gunns seed 
orchard trees. Total SNP number = 197 Correlation = 0.27 Note: The SNPs 
used to calculate the different MBVs were randomly selected. 

 
 

Summary of marker results  
Large numbers of markers associated with KPY and growth have been identified in EN and 
EGG. Prediction models based on maker genotype information have been shown to predict 
accurately in unrelated populations growing in different environments; a result never achieved 
with any other markers used in trees. We believe that this is because many of the markers 
identified in this research are “perfect markers” which are stable across different populations 
and environments. These are markers that occur in the genes influencing the trait and which in 
many cases are the causative polymorphisms. The significance of these results is that the 
MBVs estimated with these markers can be used to screen large numbers of seedlings to 
select the best seedlings for breeding, thereby drastically reducing the breeding cycle as well 
as the number of progeny testing trials. However, the biggest advantage of marker-assisted 
selection with the associated markers is the potential to select complimentary parents for 
controlled crossing for large genetic gains.  The methodology and the strategies developed in 
this project can now be applied in industry breeding programs. 

 

Recommendations 
The markers identified in this study can immediately be applied in breeding programs for 
selecting superior trees. Several approaches for applying the markers are described here. 
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Seed orchards 
Molecular breeding values estimated using genotype information can be used to select top 
ranking seed orchard trees. Seed collected from these trees can be used immediately for 
deployment. Seedlings generated from the selected trees can be genotyped with the markers to 
identify top ranking genotypes for developing second generation seed orchards.  
 

Breeding 
Among top ranking trees complimentary genotypes can be selected using full marker data 
(See Figure 5). Marker-based breeding values estimated with the genotype information can be 
used to select the best seedlings for setting up field trials. For example, 5,000 seedlings could 
be screened and the top 1,000 planted in field trials. The top 50 genotypes could also be 
planted directly into breeding arboretums where trees can be maintained to maximize early 
flowering. The selected trees could then be used as parents for controlled crosses. Progeny 
from these crosses could then be genotyped with the selected markers to identify seedlings in 
which the favorable alleles occur at the highest frequency. By selecting for large numbers of 
trees with favourable alleles it is possible to obtain trait values not observed in the parental 
generation. 
 
 SNP1 SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 SNP9 SNP10 SNP11  
Tree1 A/B A/B B/B B/B A/A B/B A/B B/B A/A A/A B/B 
Tree2 B/B B/B A/B A/B A/B A/B A/B B/B B/B B/B A/B 
Tree3 A/A A/B A/B B/B A/B A/B A/B B/B A/A A/A B/B 
Tree4 A/A B/B B/B A/A B/B B/B A/B B/B A/B A/B B/B 
Tree5 B/B B/B A/B B/B B/B B/B A/B B/B A/B A/B B/B 
Tree6 B/B A/B A/B A/B B/B B/B A/A B/B A/B A/B B/B 
Tree7 B/B B/B A/B A/A A/B B/B A/B A/B B/B B/B A/A 
Tree8 A/A B/B A/B B/B A/B B/B B/B B/B A/A A/A B/B 
Tree9 A/B A/B A/A A/B B/B B/B A/B B/B B/B B/B A/B 
Tree10 B/B A/B B/B A/B A/B B/B A/B B/B A/B A/B B/B 
Tree11 A/B A/A A/B A/A A/A B/B B/B A/B B/B B/B A/A 
Tree12 B/B B/B A/B A/B A/B B/B A/B B/B B/B A/B B/B 
 
Figure 5. Full genotype data for each tree. Green = homozygous for good allele, Red = 

homozygous for bad allele, orange = heterozygous. 
 
The major advantages of employing markers in breeding include: 
 
1.  Increasing selection intensity (screening large numbers of trees or seedlings) which is 
directly proportional to the genetic gain 
2.  Reducing the breeding cycle by at least half thereby improving the efficiency of breeding  
 
Marker-assisted selection is expected to accelerate genetic gains dramatically. By halving 
breeding cycles and reducing the number of progeny trials needed for estimation of traditional 
breeding values, marker aided selections will have a major impact on economic gains in 
breeding. 
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Appendix 

Appendix 1. Seed sources identified for new association populations 
 
Dean Williams (Forestry Tasmainia) assembled the following list of EN and EGG seedlots.  
 
E. nitens 
Seedlots sown @ 7 Jan 2014      250  
Seedlots with sufficient seedlings for trials @ 25 Feb 2014  236 
Seedlots of native forest origin      70  
Seedlots form Bulk native collections       2 
Seedlots from Southport trial used in BGG study (unimproved)     123  
Seedlots from seed orchards (improved)                  41 
 
E. globulus 
Seedlots sown @ 14 Jan 2014     270 
Seedlots with sufficient seedlings for trials @ 21 Feb 2014   253  
Seedlots of native forest origin     177 
Seedlots from seed orchards (improved)      57 
Seedlots of E. nitens seed orchard (comparison)     19 
 
One trial of each species was established in Spring 2014 in northern Tasmania. 
 
Stephen Elms (HVP)  assembled a total of 289 EGG native seedlots, comprising both Otways 
(144) and Gippsland (145) provenances.  These seedlots were sown in January 2013 and 
planted in adjoining trials in June 2013 on two Gippsland sites.  A trial of EN seedlots will be 
established in 2014. 
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