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• Primary goal: To produce improved genetic material 
for deployment as planting stock, while maintaining 
sufficient genetic diversity to manage risk 
– Understanding biological mechanisms is not a primary 

goal; although it can be a tool 

• Primary tool: modeling the genetic basis of 
phenotypic variation in breeding populations 
– Phenotypes measured in field tests of progeny from 

structured mating designs  
– Genetic information primarily based on pedigree records 
– Relatively little incorporation of genomic data to date 

Applied tree breeding 



• As a reference for re-sequencing individuals to 
identify functional alleles or haplotypes 

• As a physical map of marker locations, to guide 
imputation of missing genotype data 
– Essential for matrix-based methods of analysis 
– Allows accurate imputation of progeny from structured 

mating design based on known parental haplotypes 

• Strategies:  
– Use the genome rather than pedigree records as the 

source of genetic information  
– Allow incorporation of additional genomic data 

What use is a reference genome sequence 
. . . in applied tree breeding? 



• Trees are planted and harvested like many other crops, 
but the interval from planting to harvesting is much 
longer 

• Net present value of investment in improved planting 
stock is low – many decades before return is received 

• Competitive grants have provided critical support for 
research to move genomic tools into application, but 
routine breeding support is largely from private sector 

• As a consequence, data and germplasm from tree 
breeding programs are typically not in the public domain 
– they are usually the property of the private sector 
cooperators who supported the breeding programs 

A brief digression into economics 



• Economic realities will dictate the pace of application 
• The cost of resequencing the whole genome is 

currently too high to justify, even for high-value 
individuals 

• Reduced-representation resequencing is affordable 
now; will it be cost-effective in terms of value 
provided? 

• The pace of change in genome technologies is rapid 
compared to the pace of tree breeding 
– The shortest seed-to-seed cycle for loblolly pine is 4 years 
– Current doubling time for DNA sequencing is 7 months 

A stepwise approach to application 



Doubling time 19.8 months 

Doubling time 2 months 

Doubling time 7.3 months 



• Breeders need to identify meaningful genetic variation, 
and DNA sequence provides the highest-resolution 
information 

• Signal-to-noise ratio (meaningful variation: total variation) 
is low – most variants are likely to be neutral and rare 

• Even neutral variants can track descent of haplotypes in 
structured populations and provide information on 
realized relationships 

• Whole-genome modeling of genetic merit seems the most 
workable approach at present 
– Phenotypes from progeny test measurements as before 
– Genetic information from markers (+/- pedigree) 

How will a reference sequence help? 



• Results of association studies suggest most traits fit the 
infinitesimal model  

• Studies of LD in conifers suggest that multiple SNPs per 
gene will be required to adequately capture haplotype 
structure 

• Allelic heterogeneity can be expected 
– Conifers are an ancient evolutionary lineage 
– Most genetic variants are rare in the population  
– Multiple independent events that give rise to similar phenotypes 

are likely to have occurred for many traits of interest 

• Identity-by-descent methods are well-suited to highly 
structured populations derived from small numbers of 
founders 

Where are we now? 



• A population derived from a limited number of parents 
mated in a structured design will be the initial test case  

• Identity-by-descent methods using parental haplotypes 
and progeny phenotypes will allow modeling contributions 
of chromosome segments to phenotypic variation 

• No model selection or statistical significance testing 
– Cross-validation to compare the predictive power of models 
– Bootstrap resampling to explore the dependence of 

predictive power on population parameters  
• Crosses among progeny will be used to test the predictive 

power of the models in the next generation 

Predictive modeling of genetic merit 



• As a reference for reduced-representation 
resequencing to identify haplotypes 

• As a physical map of marker locations, to guide 
imputation of missing genotype data 
– Essential for matrix-based methods of analysis 
– Allows accurate imputation of progeny from structured 

mating design based on known parental haplotypes 

• As a guide for inter-specific comparisons of gene 
sequences (pine + spruce to true fir) 

• Objective: predictive modeling of genetic merit 

The utility of a reference genome sequence 
. . . in applied tree breeding 



• A cost-effective, high-throughput method for DNA 
extraction 
– Ivanova et al, Plant Mol Biol Rep 26:186–198, 2008 

• Cost-effective, high-throughput methods for detecting 
genome variation in multiplexed samples 
– Wang et al, PLoS ONE 6(10): e26426, 2011 
– Poland et al, PLoS One 7(2): e32253, 2012 
– Peterson et al, PLoS One 7(5): e37135, 2012 
– Faircloth & Glenn, PLoS One 7(8): e42543, 2012 

• Statistical methods capable of handling dense datasets 
with reasonable computing efficiency 
 

Key requirements for application 



Results from a preliminary trial 

• Two diploid DNA samples and 90 haploid DNA samples  
• 112,896 STS markers total; 47,131 are present in about 

half the haploid samples  
• Align 47,131 markers to the v0.6 reference genome 

draft assembly: 32,809 (70%) align to the genome 
• About half (16,236) of those markers align to a single 

location (contig) in the v0.6 assembly 
• Over 95% (15,494) of the single-copy markers align to 

the reference sequence without gaps 
• 8,073 of the single-copy markers align without gaps or 

mismatches; 7448 align with 1 – 4 candidate SNPs 



Markers and functional genes 
• 8199 of 47,131 markers (17.4%) align to sequences in 

the draft pine reference transcriptome assembly 
• 4962 sequences in the transcriptome assembly are 

identified by GBS markers 
• About 95% of the alignments between GBS markers 

and transcriptome sequences are ungapped 
• 62 different map locations on a preliminary linkage 

map correspond to GBS markers that align to 
transcriptome sequences 

• Only 375 of the 47,131 candidate markers are derived 
from chloroplast DNA 



What do breeders need? 
• A sense of how reliable the final genome assembly will 

be as a guide to the structure of other conifer 
genomes, within and across species 
– a biological question – how stable is the pine genome 

across individuals? How conserved are conifer genomes? 
– a measure of assembly quality 

• Annotation of genes and repeated sequences 
– This is underway already, and will be ongoing for years 
– Will serve to prioritize some genomic regions for analysis 

before others, but whether those regions really are more 
important will be determined experimentally 



What do breeders need? 
• Access to annotation and other mark-up data 

– Web-based visualization tools are not enough 
– Ability to download full datasets for integration with 

internal databases and analytical pipelines 

• Stable naming conventions or lookup tables to convert 
from one naming convention to another 
– There is little incentive to invest effort in adopting a 

naming convention that will change with the next version 
of the assembly 

– Stable identifiers for genes, contigs, scaffolds, and other 
components of the assembly should be maintained to the 
extent possible, as new information is incorporated 
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Advantages of stable naming 
• Annotation data from the pine and Douglas-fir 

genomes will be used to guide breeding efforts with 
other conifer species 
– Expressed genes are a key element of interspecific 

comparisons 

• Stable naming or lookup tables will allow easy 
updating of the information about those related 
species with each update to the reference genomes 
– Some changes are inevitable 
– Complete restructuring of names should be avoided unless 

the assembly itself is completely restructured 
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