Chapter 10

GENE-ASSISTED SELECTION: APPLICATIONS
OF ASSOCIATION GENETICS FOR FOREST TREE
BREEDING

Phillip L. Wilcox', Craig E. Echt?, and Rowland D. Burdon®

SUMMARY

This chapter describes application of association genetics in forest tree species for
the purposes of selection. We use the term gene-assisted selection (GAS) to denote
application of marker—trait associations determined via association genetics, which we
anticipate will be based on polymorphisms associated with expressed genes. The salient
features of forest trees are reviewed, including existing and somewhat limited knowledge
of linkage disequilibrium (LD), as well as genomic information for both conifers and
hardwoods. The relatively short span of LD in largely undomesticated and outbred forest
tree species offer good prospects for precisely locating quantitative trait nucleotide
(QTN), but necessitates wise candidate gene selection and generation of nongenic
sequences, which could be limiting, particularly for conifers. Prerequisites for successful
application are discussed, and include suitable populations for detecting LD; powerful
quantitative genetic and bioinformatic capabilities; large EST libraries, if not whole
genomic sequences, to identify candidate genes; and other capabilities for studying
functional genomics; as well as a mix of quantitative genetics, tree breeding, and
molecular biology skills. Experimental designs for tree improvement applications are also
described, as well as analytical methods. For existing tree improvement practice, GAS
should be applicable in virtually all population strata, although careful evaluation on a
case-by-case basis will be needed to determine the appropriate implementation
pathway(s). Such evaluation will likely include numerical simulation. GAS also fits well
with other biotechnologies used for tree improvement. A number of impediments to
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application are also discussed, including institutional barriers; implementation costs;
certain molecular mechanisms underpinning variation; and modes of gene action such as
epistasis and genotype-environment interaction.

10.1 INTRODUCTION

Many of the generic applications of association genetics described in this book
apply to forest trees as well as other plant species. However, in implementation of
association genetics plantation forest tree species differ from most other plant species,
because of the unique combination of physical and genetic characteristics of forest trees,
as well as the state of existing genomic information. This is especially so for breeding
applications, as tree breeding is often very different from breeding of other plant species,
particularly annual crop plants. In this chapter we focus on association genetics
specifically in the context of tree breeding applications, in part because the most frequent
use of association genetics may well be in the areas of selection and breeding. We
describe where association genetics can be used in existing tree breeding programs, as
well as new technologies under development, and discuss experimental components
necessary for demonstration of concept and, ultimately, operational implementation. We
also identify some potential limitations and challenges for successful implementation of
association genetics in a tree improvement context.

In this section we provide relevant background to the chapter by reviewing the
salient biological features of forest tree species, as well as the current state of knowledge
of genomics in forest trees, and what is known about patterns of LD in tree species. We
also introduce the term *“gene-assisted selection™ (GAS) used to denote the application of
information from association genetics in a selection context, and compare and contrast
this with marker-assisted selection (MAS), which uses information from marker-trait
associations in pedigreed mapping populations for within-family selection.

10.2 DISTINGUISHING FEATURES OF FOREST TREES

Key features of most forest tree species include their large size and long lifespan;
predominantly outbreeding behavior; slowness to express their phenotype as well as to
reach reproductive maturity; and high levels of synteny within genera, and among
conifers, within orders. The size and longevity of trees has both benefits and drawbacks.
In terms of the latter, size can create major complications for both conventional breeding
and the application of DNA polymorphism for selection. The complications involve both
delayed expression of traits, and high costs of producing and managing the genetic
material. For phenotypic selection, the delayed expression of traits may preclude
effective selection for a number of years. It similarly affects any cross-referencing of
phenotype with either genomic markers or QTN. The size of trees, along with the
lifespan, means that field-testing trees is very expensive, either for a selection population
in itself or for establishing relationships between phenotypic values and DNA
polymorphisms. Unless the cost is accepted, which is a problem in itself, this in turn will
tend to restrict both the potential selection intensity and the quality of information
available on the relationships in question. [n contrast, however, a key benefit of the long
lifespan is the lasting presence of genotypes across years, even decades or centuries,
almost “immortalizing™ populations. Such a benefit can allow for repeated measurements
over time on the same populations, further leveraging genotypic data, and/or allow for
repeated DNA collections and therefore continued generation of genotypic data.
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Trees are predominantly outbreeding, meaning that population-wide LD between
quantitative trait loci (QTL) and neutral-marker alleles will generally be lacking, unless
the base population(s) is/are quite strongly structured in one or more of certain ways.
Such structuring will tend to be limited in wind-pollinated species, unless breeding
populations are composed of recently admixed populations from distinct progenitor
provenances or species. Interspecific hybrid breeding populations represent an example
of this. Within species we would expect an absence of population-wide LD between
QTL- and neutral-marker alleles; therefore LD will be confined to individual families,
such that detection and quantification of QTL need to be undertaken independently for
each family. Given the large population sizes needed for each family, unless there are
extremely large QTL effects, this creates a very powerful incentive to develop GAS,
based on establishing the effects of QTN. A key point here is that for among-family
selection, which is common in tree improvement, marker—trait relationships ascertained
via QTL mapping may have little or no predictive value for among-family selection.

Forest tree species are also frequently slow to reproduce, resulting in breeding
generations within tree improvement programs that typically exceed a decade for conifer
species, or much more for some angiosperms such as certain oaks (Quercus spp.). This
contrasts with annual crop species such as com, where two generations per year are
possible in commercial breeding programs. A compensating feature of many tree species
is that once reproductive maturity is attained, the numbers of seed produced can be very
large, and seed production can last for decades, albeit seasonally, therefore facilitating
generation of potentially large populations for experimental purposes. Furthermore, many
tree species can be clonally reproduced, allowing for more precise estimation of
genotypic value as well as allowing longer-term storage of specific genotypes.

An associated feature of forest trees is the high level of genetic load with deleterious
effects of inbreeding (Williams and Savolainen 1996). Related matings for the most part
greatly reduce fitness and frequently lead to phenomena such as embryo lethality that
result in segregation distortion (Kuang er al. 1999), reduced rates of growth, and
abnormal phenotypes (Williams and Savolainen 1996). Such effects, combined with the
slow onset of reproduction, effectively eliminate the opportunity to develop homozygous
lines, therefore populations used for association genetics and QTL mapping alike are
typically heterozygous, and show strong variation both phenotypically and genetically.

A further, but mitigating, characteristic of forest trees is the high level of synteny
among species, and even among genera, especially in conifers. The potential advantage
of this is the leveraging of sequence information across species, as well as information
regarding the functional role(s) of specific genes in trait variation. Furthermore, because
different species frequently produce structures that are phenotypically very similar
e.g., woody tissues), opportunities are enhanced for cross-referencing genomic informa-
tion among species. ‘

10.3 STATUS OF GENOMIC INFORMATION IN TREE SPECIES

Successful application of association genetics in forest trees, like all other species,
requires considerable genomic information, either in the species of interest or in some
highly syntenic species. Currently, forest tree species straddle the pre- and postgenome
divide, with the majority (especially conifers) in the former. Recently, the full genome
sequence of a poplar (Populus) has been determined, a first for a forest tree species
(http://www jgi.doe.gov/poplar). A further effort is currently underway in Eucalyptus
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(www.ieugc.up.ac.za). Extensive EST databases have been developed for a number of
species within these genera, although some questions have been raised about the level
of EST representation; based on gene predictions, it is estimated that as much as 73% of
genes are not represented in EST databases (unpublished results cited in Plomion er al.
2005). In conifers, most DNA sequence information is restricted to EST databases, which
exist for a number of commercially important Pinus and Picea species, in addition to
Douglas-fir (Pseudostuga menziesii) and a number of other conifer species. Most of these
resources are publicly available (e.g., http://fungen.botany.uga.edu/Projects/Pine/Pine.htm,
http://dendrome.ucdavis.edu/Gen_res.htm, http://web.ahc.umn.edu/biodata/nsfpine/), although
some are proprietary. EST sequences have been determined using cDNA libraries
constructed from a wide range of tissues, including developing xylem and cambium,
roots, floral structures, and needles/leaves. For conifers, only a limited amount of ;
nongenic sequence has been generated, and is usually associated with genic sequences i
(e.g., regulatory elements). While an increased amount of gDNA sequence data is likely, !
the large size of conifer genomes means it is unlikely that full sequence will be avai-
lable within a short timeframe. Some technologies, such as sequencing Cot-based libraries
and bacterial artificial chromosomes, may facilitate generation of a limited amount of
genomic sequence data.

Linkage maps have been constructed for a wide range of tree species, primarily for
the purposes of QTL studies (see Sewell and Neale 2000 and references therein), based
upon a wide array of commonly used marker systems, including ESTs. A number of
comparative mapping studies have also been undertaken (Devey er al. 1999; Echt et al.
1999:; Chagné et al. 2003), elucidating the synteny referred to above, particularly among
conifers. Linkage maps have been constructed for the most, if not all, commercially
important forest plantation species, although applications in breeding programs have not
been as widespread. However, relatively few studies have been undertaken evaluating
synteny of QTL across species. One such study — comparing traits of adaptive significance
in Quercus robur and Castanea sativa — found conservation of QTL for timing of bud
burst but not for height or carbon-isotope discrimination (Casasoli et al. 2006). Telfer
el al. (2006) reported nonrandom coincidence of QTL for wood density between Pinus
radiata and Pinus taeda.

Linkage maps have been used extensively for QTL detection studies, mostly in full-
or half-sib families. With the notable exception of disease resistance (e.g., Kinloch er al.
1970; Wilcox et al. 1996), the vast majority of QTL for commercially relevant traits
appear to be of small effect only (Wilcox er al. 1997; Sewell and Neale 2000; Brown
et al. 2003; Devey et al. 2004), indicating a large number of genes involved in variation
of a particular trait. Implications for association genetics in an applied breeding context
are that large population sizes will be needed to detect such QTL in sufficient quantity.
This is discussed in more detail later in this chapter.

More recently, a range of gene expression technologies have also been applied in
forest tree species, in pamculm microarrays (Kirst et a/. 2004; Paux et al. 2004), and more
recently reverse nanscuptase polymerase chain reaction (RT-PCR), elucidating the level .
of gene expression in specific tissue types. This, coupled with EST databases and a suite of
bioinformatics tools available, has generated much knowledge about the relative levels 0
gene expression, including both tempoml and spatial variation in tissue of interest for :
suite of genes. Such expression studies will be useful for selecting candidate genes fo
association genetics studies.
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As with many other plant and animal species, however, the roles of genes in trait

variation are largely unknown. To date, there are no reports of QTL having been cloned

: from forest tree species, partly due to the large number of candidates within QTL

! confidence intervals, but also because of the length of time required for trait expression

of transformants arising from complementation studies, as well as the largely subtle

effects expected for most QTL, together requiring considerable experimental resources to
confirm complementation.

10.4 LD AND NUCLEOTIDE DIVERSITY IN FOREST TREE SPECIES

LD and nucleotide diversity, insofar as the latter governs functional variation, are
the two key parameters for evaluating the efficacy of association genetics. To date, there
have been relatively few extensive studies of LD in forest trees (see Gupta et al. 2005 for
a review of LD in higher plants). Studies conducted in the 1980s with relatively limited
numbers of polymorphic isozyme loci indicated limited or no LD, as would be expected
in outbred species with relatively large effective population sizes. Mitton er al. (1980)
:  found higher-than-expected digenic LD (6 out of 30 locus pairs) in Pinus ponderosa.
+  Similarly, Roberds and Brotschol (1985) found evidence for age-related differences in the
. incidence of LD in Liriodendron tulipifera. Muona and Szmidt (1985) reported no
¢ evidence of LD in either pollen or megagametophytes in Pinus sylvestris. A study in
i Pinus contorta by Epperson and Allard (1987) showed higher-than-expected LD, but
¢ was limited to certain locus combinations, with some closely linked loci not in LD.
= Geburek (1998) also reported higher-than-expected digenic LD in Picea abies, although
¢ most were restricted to two or less subpopulations. In most of the aforementioned
isozyme-based studies, nonrandom mating and/or selection on a limited number of loci
were the most frequent explanations offered for higher-than-expected observed LD.

Studies with DNA-based markers have tended to reveal similar results. Bucci and
i Menozzi (1995) reported no LD in a small sample of P. abies using RAPD markers. A
< later study in P. radiata, involving microsatellite marker loci from a range of linkage
groups, also indicated very little genome-wide LD (Kumar et al. 2004). More recently, a
number of results from DNA sequence have been reported for conifers as well as
Eucalyptus (Thumma et al. 2005) and Populus (Yin et al. 2004), surveying LD patterns
in relatively small regions in and around expressed genes. Results to date generally
indicate very short regions of LD, particularly in conifers where r* values tend to
decrease to zero within a few hundreds to low thousands of base pairs (Table 10.1, and
associated references), although there is considerable variability even within genes. Some
exceptions have been noted in the average length of LD within genera; Yin et al. (2004)
reported significant LD in regions around the MXC3 resistance gene in Populus
trichocarpa in the order of 16-34 kb. These results indicate that while on average the
amount of LD is confined to relatively short spans in forest tree species, variations need

to be taken into account, which can only be characterized via empirical data on genes of
interest.




e M 8 A s A e AN

4
§
3
3
!

216 P.L. WILCOX ET AL

Table 10.1. Estimates of linkage disequilibrium and nucleotide diversity in plantation
forest tree species based on DNA markers and candidate genes

Nucleotide diversity

C::::i::d Extent of LD Metrie(s) 1::;':: (Synonymous or not) References
yes no i
Pinus No evidence r? N/A N/A NiA Kumar ¢r al. {20043
radicta between
unlinked SSR
markers
P radiata Not estimated N/A | 0.0300 0.0043 Cato ¢t al. (2000)
P. radiata Not estimated N/A 8 0.0008 0.00005 Pot ¢f al. (20035)
P. pinasier Not estimated N/A 8 0.0003 0.00013 Pot er al. (2005)
P sylvesiris None observed I H 0.00356 0.0022 Dvornyk er al.
within  approx. (2002
2 kb i
P taeda 2,000 bp r:~02 19 0.0064 0.0011 Brown et af. (2004b) :
Psendosiuga 1,000 bp -0 18 0.0103 0.0021 Krutovsky and Neale
menziesii (2005)
Picea abies 100 bp ri~02 ? Not Not Unpublished results
200 bp provided provided cited in Rafaiski and
Morgante (2004)
Lucalypius “Similar results r? | Not estimated Not estimated Thumma er al.
Hitens to maize and (2003)
Pinus™
Populus Upto 34 kb Not provided 1 Not estimated Not estimated Yin ¢t al. (2004)
richocarpa
Populus <300 bp r<0.05 3 0.0220 0.0039 Ingvarsson (2003)
tremula

*Analyses based on onc gene only.

Nucleotide diversity in forest tree species appears to be variable both among and
within species. In most conifers, typical reported values range between ca. 10~ and 107,
with some variation within species (Krutovsky and Neale 2005). Overall, forest trees
appear to show more such diversity than humans, but slightly less than that observed in
species such as maize (Brown er al. 2004b). Diversity appears to be lower in coding
sequences, with nonsynonymous substitutions being less frequent than synonymous
substitutions, although rarely are such differences reported as being statistically
significant — for example, Brown et al. (2004b) found no evidence for selection in 19
genes in P. taeda, while Krutovsky and Neale (2005) reported evidence for selection in
P. menziesii in three of 18 expressed genes. Cato er al. (2006) reported evidence for
selection in a putative dehydrin gene in P. radiata, and found weak associations with the
same gene and wood density and growth rate.

The moderate nucleotide diversity, coupled with the typically low LD per base pair,
indicates a relatively high number of haplotypes per genic region. For example,
Krutovsky and Neale (2005) found that there were approximately 2-3 haploblocks per
gene, thus on average, 4-5 single nucleotide polymorphisms (SNPs) would be needed to
adequately cover most single genes for association genetics applications.

What is the significance of these results for association genetics in conifers? Firstly
the observed levels of nucleotide diversity indicate there is sufticient polymorphism fo
association genetics studies. Secondly, the relatively small regions of LD give some
cause for optimism regarding functional assignment, as the small regions of LD observed
within most genes indicate the possibility of implicating genes (or even small regions
within, or associated with, genes) in trait variation. The disadvantage is that relatively
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detailed studies will be needed, typically assaying many polymorphisms in regions of
interest, necessitating judicious targeting of candidate regions to limit the number of
genes to be screened. Such detailed studies are costly and time-consuming, particufarly if
applied breeding is the key objective. However, short stretches of LD mean there is some
potential for using association genetics to assign putative function to genes, and will be of
use to those seeking to determine molecular mechanisms underpinning phenotypic
variation. :

To date, relatively few results have been reported from association genetics
experiments, although this should change. Kumar er al. (2004) found only weak evidence
for association between polymorphic SSR markers and a number of traits in a small

: female-tester mating design in P. radiata. Since then, Brown er al. (2004a) reported a
putative association between an SNP within an a-tubulin, and earlywood microfibril
angle, a key component influencing performance of structural-grade timber in conifers.
More recently, Thumma et al. (2005) reported an association between polymorphism
encoding a putative splice-site variant in a Cinnamoyl CoA Reductase (CCR) gene in
Eucalytus nitens and microfibril angle. A mutation in the putative functional homologue
of this gene in Arabidopsis thaliana proved to cause the /RX4 phenotype (Jones et al.
2001). Cato er al. (2006) reported an association in P. radiata between polymorphisms
in a putative stress-response gene, with both wood density and growth rate in large
association population.

10.5 GENE-ASSISTED SELECTION VERSUS MARKER-ASSISTED SELECTION

One of the key features of outcrossing species such as forest trees is the expectation
of widespread linkage equilibrium within unstructured populations, and conversely, the
expectation of strong LD within specific pedigrees. The latter has been extensively
utilized to date in the field of QTL mapping based on pedigreed populations (usually full-
sib families), leading to the development of linkage maps for a wide range of species and
demonstration of the potential for within-family MAS. This approach, however, has
various limitations, including the restriction of selection to within specific families for
which the marker allele—trait associations have been previously established (Strauss ez al.
1992; Johnson er al. 2000; Wilcox et al. 2001).

From a tree breeding perspective, the key feature of association genetics is the
opportunity to select both among and within families, by establishing relationships
between polymorphisms and heritable trait variation outside of any family structure.
However, because LD is restricted to relatively small chromosomal regions in forest tree
species, we consider that the most likely polymorphisms to be associated with trait
variation are those within, or associated with, expressed genes. For this reason we use the
term “gene-assisted selection” to denote the application of within- and/or among-family
selection based on polymorphisms shown to be associated with trait variation in
unstructured populations, i.e., association genetics.

The idea of selecting genotypes based on DNA sequence variation is not new — the
concept of MAS is indeed based on the same principles, i.e., selecting on the phenotypic-,
and/or discrete isozyme-, and/or DNA-sequence variants that are correlated, through
linkage, with phenotypic variation in commercially relevant traits. There are key
differences between MAS and GAS, however (Table 10.2), from perspectives of both
research and operational implementation. Here, the terms GAS and MAS are used
primarily to define differences relevant to typical forest tree breeding; we refer to MAS
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as a technology for within-family selection only, in contrast to GAS, where selection can
in theory be applied at the family level, in addition to individual genotypes within
families, without prior pedigree information. These differences are not trivial with respect
to the objectives and design of the underlying experiments needed to detect and quantify
marker—trait associations. For example, for MAS, marker—trait associations are generally
detected using pedigreed mapping populations. thereby maximizing linkage disequilibria
between neutral markers and QTL that control detectable proportions of the phenotypic
variation. For GAS, researchers basically accept and work with the existing levels of
(dis)equilibria, however incomplete, that prevail in populations within which there are no
recognized patterns of interrelatedness. Marker systems are likely to differ also, although
in limited cases there may be some overlap. For MAS, selectively neutral marker systems
adequate for development of moderate-density linkage maps and high-throughput (HTP)
genotyping are considered satisfactory (e.g., RAPDs, AFLPs, microsatellites). For GAS,
however, we consider it is more likely that polymorphisms associated with candidate
gene sequences, i.e., SNPs, and insertions/deletions (indels), would be the marker
systems of choice.

Table 10.2. Comparisons of requirements for MAS based on QTL detection and GAS
based on association genetics in a tree breeding context

Attribute MAS GAS
Quantitative  trait  flocus ~ e,
. chromosomal regions within specific  Quantitative trait nucleotide — ie.,
Detection goal . L . . - . .
= pedigrees within which a QTL is  maximize causative sequence(s)
located
. . Low — moderate density linkage maps  High disequilibria within small physical
Genomic resolution o density age map < q phys
only required regions usually needed (<2 kb) Linkage

disequilibrium experiments: unrelaied

" Defined pedigrees, e.g., three and two  individuals (association tests), or large
generation pedigrees/families, half-sib  numbers of small unrelated families
families (transmission disequilibrium tests, TDTs)

Experimental design
for detection

Within-family forwards®selection only, Plus-tree selection. among- and within-

Applicable to within specific families where associa-  family forwards selection, within refer-
tions detected . ence populmionh

Marker neutrality Neutral Non neutral

Marker specificity Non-trait-specific Trait-specific®

Marker discovery } Moderate for few traits, high for many
Moderate X

costs traits

Prescreening! for

functional association ~ No Yes*

required?

Opportunity 1o .

identify co-adapted Moderate Good

gene complexes

Number of markers 200-300 codominant markers per genome >3 prescreened markers per gene on

required on average average. likely >3 genes per trait

“Selection among latest generations of breeding-population off spring.

"As defined by populations used for detection experiments.

*Except when polymorphism is in disequilibria with gene(s) controlling more than one trait.

Prescreening defined as the need to select candidate sequences bascd on some a priori expectation
association or causation (€.g.. candidate genes).

*Assuming lack of genome-wide, ultra-high density marker maps.
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10.6 GENERIC BENEFITS OF GAS

Stromberg et al. (1994) classified generic benefits relating to the use of DNA markers
for selection into three areas: earlier selection; cheaper, more cost-effective selection; and
increased selection intensity. In the context of GAS in a tree improvement program these
also apply, but for the sake of completeness, can be expanded. The following, partly
overlapping areas are where we consider most of the potential benefits will be:

(1) Earlier selection. Perhaps the single most important limiting factor in plantation
forest tree improvement has been selection age. The vast majority of characteristics
do not adequately express their genotypic value until one-quarter to one-half of
rotation age, which is a key factor influencing the long generation intervals typical
of most tree breeding programs. GAS, like MAS, offers the tantalizing prospect of
selecting at an emergent seedling stage, rather than waiting for up to many years for
adequate trait expression. Such early selection can be used as a substitute for direct
phenotypic selection, or as a complement in a multistage selection procedure, or
simultaneously with information on phenotype. The net effect will be to increase
selection intensity (see (3)). A further benefit, particularly in the cases of plus-tree
and among-family selection, is the prospect of screening individuals without need to
generate and evaluate offspring, which will further reduce generation interval by
directly evaluating genotype.
(2) Cheaper, more cost-effective selection. Knowledge of the sequence variants and their
effects on phenotype offers opportunity to select based on sequence only which
* could reduce or perhaps ultimately eliminate need for field screening. Field testing is
one of the most expensive components of tree breeding programs, and sequence-
based selection is likely to be cheaper, particularly for multitrait breeding objectives
where expensive-to-measure traits such as wood properties are involved.
Furthermore, advances in DNA technologies offer further reductions in costs in the
medium term, whereas phenotypic measurements are likely to remain relatively
expensive. One factor to consider, however, is the reasonably high cost of
establishing marker—trait associations, which means that a large-scale breeding
operation may be needed to justify use of GAS. Nonetheless, these costs can be
reduced through various means such as pooling DNA samples (e.g., Germer et al.
2000). Moreover, the associations are expected to hold across a number of ‘
generations, so costs can be spread accordingly provided generation intervals are
short. However, sample sizes necessary for detection of marker—trait association in 1
LD populations may require at least several thousand genotypes for small-effect
QTL for even modest levels of power and ability to infer association (Ball 2003; ‘
Chapter 8).
(3) Increased selection intensity. This can result partly from the low cost of producing \
young propagules that can be screened by GAS and partly from the higher- ‘\
throughput evaluation capacity. Even with current moderate- to high-throughput |
genotyping technologies, there is capacity to screen far more genotypes than can be \
field-tested, at potentially much lower cost. Thus, genetic gains are likely to increase, \
particularly with multitrait breeding objectives that will tend to require larger \
|

numbers of selection candidates. In fixed-resource phenotypic-screening programs
the addition of another trait into a breeding objective will typically incur costs in
gain for any single specific trait unless the “new” and “existing” traits are strongly
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and favorably correlated. Such a cost can be reduced with increased selection
intensities, but in contemporary breeding programs this usually means more
phenotypic evaluations (often on progenies) and possibly introduction of new
genotypes into breeding populations. GAS could be used as a surrogate selection tool
in these situations, although there may be the challenge of establishing the requisite
associations simultaneously in several traits.

Reduced need for phenotypic selection. The combined result of selection that is
cheaper and/or earlier and/or more intensive may mean, in theory, at least, that GAS
could ultimately replace phenotypic selection. This is based on the intriguing
possibility that concomitant advances in genomics, proteomics, and metabolomics
could eventually lead to development of predictive models that integrate information
on gene sequences with information on environmental influences to predict
phenotype, thus reducing reliance on phenotypic selection, and basing genetic
selection entirely upon DNA sequence. The reduced reliance on field testing has
several distinct advantages, including a reduction in costs and/or a concomitant
increase in effectiveness of a tree improvement program via reallocating financial
resources to other components of the operational program. Field testing is one of the
most costly items in a tree improvement program, not just in terms of data collection,
but also trial establishment and maintenance, and to a lesser extent, analyzing data
and maintaining records. While the need for various forms of field experiments will
likely persist even once all genes are sufficiently well characterized with respect to
effects on trait variation (e.g., genetic gain trials), significant cost reductions should
become possible.

Increased flexibility for operational evaluation and selection of genoiypes.
Knowledge of phenotypic value associated with specific DNA sequences that can be
applied across unrelated genotypes expands the scope of potential application. GAS
can be applied to plus-tree selection, as well as among- and within-family selection,
in contrast to MAS, where associations between marker alleles and trait variability
are family-specific, and are thus applicable to within-family selection only.
Therefore, in theory a genetic value can be placed on any specific individual based
on DNA sequence information, where sequence has some nonzero association with
trait value. While implementation of GAS would lead to more field trialling initially
because of the need to find sufficient associations between markers and traits,
ultimately, GAS could reduce need for “common-garden” testing, and allows new
introductions to be evaluated without progeny evaluations (as is typically practiced).
Complementary/synergistic fit with both existing and new genetics technologies to
enhance genetic gains. Because various genetic technologies are available for forest
tree improvement, in addition to an array of new technologies currently being
developed, there are typically alternative routes to delivery of genetic gain. GAS:
potentially offers an additional technological route, in that it can either complement
or possibly supplant — phenotypic selection, but in addition, fits well with news
technologies. We describe in more detail in Section10.9 the fit with ne
biotechnologies. “
Prediction of genotypic value and enhanced opportunities for optimizin
combinations of genotypic, site, and silvicultural characteristics. Eventually, th
knowledge of DNA sequences underpinning heritable variation could be combineé
with knowledge of key environmental and silvicultural influences to pred
phenotypic characteristics. While this is a far-reaching goal, it is a tantalizi
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(8)

®

possibility that knowledge of the causative nucleotides in combination with the
extent to which environment affects the roles in particular characteristics could be
combined to design combinations of genotypes and silviculture that optimize returns
to forest growers. Such a capability would be extremely beneficial for designing
genotypes with particular characteristics in mind, and would also aid silviculturists in
designing genotype-specific regimes to maximize value, as well as a more optimal
matching of genotypes to sites.

Provision of experiments that could ultimately lead to identification of actual QTN.
Because GAS typically develops initially from correlation rather than causation,
identification of causative QTN may not be necessary for selection. However, the
candidate genes and experiments necessary for identifying which polymorphisms are
associated with trait variation (described below) are also necessary components for
identifying the actual QTN. This knowledge is a key step in elucidating molecular
mechanisms underpinning quantitative variation, and this information could be used
to design new strategies for creating and utilizing variation, by identifying genomic
regions that, when further altered, could lead to creation of additional useful
variation.

Provision of experiments to answer questions about the genetic structures of forest
tree populations and provide key information that could assist in management of
breeding populations. A benefit of the experimental infrastructure established for
association genetics is the opportunity to generate genome-wide information that
could be used to elucidate genetic phenomena such as presence/absence of trait
variation, population structure and history, and evidence of selection. The genetic
architecture of trait variation can be defined as the frequencies, location, magnitude,
and mode(s) of action of QTL/N effects underpinning quantitative traits. While QTL
mapping has been very informative in this regard, the results are relevant only to the
pedigree(s) used, rather than to whole populations. Association genetics may
therefore be more relevant for understanding the genetic landscape of trait variation
in forest trees. While large, essentially panmictic populations cannot be expected to
have appreciable across-family linkage disequilibrium, cryptic structuring may exist
which generates significant disequilibrium. For example, localized population
bottlenecks, followed by coalescences, could easily cause this. Such LD could
provide valuable clues to ‘“metapopulation” history. Despite wind pollination,
various factors can generate population structure in conifers (Mitton 1992).
Interesting possibilities of structure exist in populations derived from recent
admixture. In P. radiata, the exotic, domesticated “land races” still have large
elements of the wild state. Interestingly, they evidently represent a genetically recent
fusion of two of the native populations, Afio Nuevo and Monterey (Burdon 1992;
Burdon er al. 1998), which may provide a basis for some admixture disequilibrium.
A further benefit of association genetics is that DNA sequence data derived from
both genic and nongenic regions can reveal much about genetic history of those
regions. Departures from Hardy—Weinberg equilibrium could reveal presence of
previously undetected genetic phenomena such as presence/absence of inbreeding.
Indeed, genetic variance (and gain) estimates are based on assumptions regarding
relatedness of parents used in genetic tests. Such data can be used to check these
assumptions and provide empirical data for more accurate estimates. Similarly,
sequence data from genic regions can reveal evidence of selection (see Section 1.3
for recent examples in forest trees). Such evidence — which can be generated on a
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relatively small subset of genotypes — could be an etfective prescreen tor genes more
likely 10 be associated with trait variations, although some caveats apply regarding
power to detect effects of selection (Wright and Gaut 2003).

10.7 PREREQUISITES FOR FEASIBILITY
10.7.1 Basic Prerequisites for Operational Implementation

Successful application of association genetics for forest tree breeding must depend
on the context of a well-structured breeding program. Genetic variation for economic
traits is essential. and must be proven. while important genetic correlations belween
different economic traits need to be at least reasonably understood. Achieving this will
entail major progress towards obtaining the populations needed for detecting associations
between DNA polvmorphisms and phenotypes. Efficient assays. which can be used on
young trees, are important for this purpose, just as they are for conventional breeding.
This will generally require new measurement technology, and/or easily measured
juvenile traits that are good proxies for harvest-age economic traits. For wood quality,
the SilviScan instrument (e.g.. Evans 1994; Evans er af. 1999) has been developed to
measure several detailed anatomical properties, and this has been complemented by an
improved understanding of how such properties affect processing- and product-
performance characteristics. Resistance to certain diseases can be assayed by inoculation
trials of young seedlings (e.g., Powers es al. 1982). Very early evaluation for growth
rate. however, can be very problematic: juvenile-mature correlations can be low,
physiological variables can show highly nonlinear relationships with performance, and
metabolite fluxes can be far more important than metabolite concentrations.

More specific requirements for applying GAS include quantitative capabilities. both
in providing appropriate material to furnish phenotypic data and in managing, analyzing,
and interpreting phenotypic and genomic data: access to HTP genotyping technologies:
and good marker selection. This involves selection of candidate genes that could be
associated with quantitative variation, and discovery and evaluation of important
polymorphisms. We discuss each of these requirements.

Operational implementation will depend not only on meeting the various technical
conditions listed above, but also on meeting organizational and even institutional
requirements. Between the tree breeders and the genomic scientists there need to be
close communication and considerable mutual education. Allocation of resources to the
various parties will be a continuing challenge. A further challenge will lie in maintaining
a strategic focus, whereby GAS and other new technologies can be used to best long-term
advantage.

The total scale of undertakings for successful development and application of GAS
will typically require collaboration between institutions, including industry. specialist
research organizations, and universities. This will need to be achieved in the face of a
climate of competitive bidding for research funding and the various pressures to
appropriate Intellectual Property for individual organizations® own gain.

10.7.2 Quantitative genetic skills for experimental design and analyses

Effective application of association genetics for selection applications also requires
both good experimental designs and analytical skills so that sufficient numbers of QTN
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can be detected and utilized. These issues are discussed in more detail elsewhere in this

book (Chapters 7 and 8). We cover components relevant to application of association
genetics for tree breeding.

10.7.2.1 Experimental Design

A key prerequisite for GAS is the identification of DNA poiymorphnsn:)s ‘fc'n‘
selection. But what kind of experiments and what analytical methods are necessary” This
has been covered to some extent in Chapter 8. so here we confine our discussion to issues
relevant to tree breeding,

One of the few bgnetits of tree breeding is that unstructured (91‘ loosely structgred)
populations already exist due to the nature of breeding programs, which usually consist Olf
breeding populations with moderate numbers of heterozygous genotypes tl.\at show
considerable genetic variation, despite being subject to phenotypic selectllon as a
prerequisite to introduction in breeding populations. Moreover, such pOPU"‘“‘O“S hf"’e
usually been extensively progeny-tested, sometimes with clonally rephca}ed progenies,
for which phenotypic records have been generated for a range of commercially important
traits. In addition, most programs maintain reasonable records of the geographic locations
of the original first generation selections. as well as good knowledge of the range of
genetic diversity represented in the naturally occurring populations — which may or may
not contribute to breeding populations. .

However it is ne:ezsgy to bear in mind what inforrpation is needed from
association tests that could be of use to breeders. Firstly,A SufﬁClel.'It nur_nbex:s of Tarke!rs
associated with QTL/N are required to obtain worthwhile genetic gains, implying t?e
necessity for moderate~high power of detection of QTL/N. In addition, the ge?omlc
location of these polymorphisms and their magnitudes gf effect,' as well as mode; 0 ge{le

action and population allele frequencies, are also key pieces of information. Furt ermore,
it is necessary to account for population structure, as the impact of population 5"“{‘;;';
can affect both the validity of any detected associations (Pritchard and Rosenberg ) bl)
as well as the estimates of gene-substitution effects (Deng 2001). Methods are ﬁ‘éal ome
to do this (Pritchard er a/. 2000; Thornsberry ef al. 2001; Yu et al. 2006), a;‘oojon;e

i experimental designs can account for such admixture (A”'SOT‘ '997} Wu et al. 2 l_).' n
. the relatively few studies undertaken to date there is very little evidence o’f po%u;;noln
} structuring in forest trees - no evidence was found in Douglas-fir (Krutovgk)’ a(;\ e_? €
2005) or loblolly pine (Brown er al. 2004b) which are both w.nnd'POHma“’l cogl er
species, nor in E. nitens (Thumma et al. 2005). However, population structure has e:g
indicated for other species. For example, Lagercrantz and Ryman (1990) report d
presence of structure among populations of P. abies based on both aH_oZ)’meI [qn
morphological (but not genecological) variability, a result at least in part, of population
disruption during the most recent slaciation. ) .

Fl)n order to determine apprgpriare experimental designs, it is germane to briefly
review what is known about the genetic architecture of traits of cgmmermal va[ue_ l:
forest tree species. Numerous studies have been conducted using QTL mappm?
populations usually involving full- or half-sib families for most forest tre.e species IC;
commercial value. For traits such as disease and insect resistance there ﬁe \:)e -t
documented examples of major genes (Devey er al. 1995; Wilcox et al. 1996) a _“Oi:]els
is unlikely that resistance to pests and pathogens is solely conferred through major ?::'nof
alone. For quantitatively inherited traits, which appear to be the norm for the majority
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commercially important traits, there has been some debate regarding the true nature of the
underlying variation. Early studies involving relatively small populations indicated genetic
variation was dominated by a few genes of moderate effect, however, these results were
difficult to repeat, even in the same families (Wilcox et al. 1997; Sewell and Neale 2000).
Interpretations of those early studies may theretore have been erroneous in that results are
also consistent with genetic architecture involving genes of small effect only, similar to
that described in corn (Beavis 1994), and subsequent verification, when done, have
indicated this to be the case (Wilcox er al. 1997; Sewell and Neale 2000; Brown et al.
2003). Therefore for most traits, we contend that the underlying genetic architecture is
most likely to be dominated by genes of relatively small effect contributing a few percent
of the variation at most (e.g., Devey er al. 2004). An exception may be that interspecific
hybrids could involve genes of moderate-large effect (e.g., Bradshaw and Stettler 1995),
although small-effect genes may also have a role. Experimental designs for association
genetics will therefore need to be cognizant of these architectures, pamculally genes of
small effect, if selection is going to be effective.

A number of different experimental designs could be used to detect associations
between QTL/N and polymorphisms, such as an unstructured population consisting of
putatively unrelated (or distantly related) genotypes; or combined with information on
progeny (analogous to a TDT design, except using quantitative traits); or alternatively a
hybrid QTL-LD population (see Chapter 8 and references therein). Some of these
approaches have been evaluated in a manner more relevant to forest trees (e.g., Wu et al.
2002; Ball 2005). Furthermore, some of the genetic characteristics of forest trees parallel
humans (e.g., high levels of heterozygosity, adverse effects of inbreeding, longevity), for
which much has been written in regard to the theory and efficacies of specific
experimental designs and analytical procedures, and are therefore relevant to tree species.
We review some of this literature here, and refer the reader to Chapter 8 for a more
extensive review.

A number of theoretical studies have been conducted, particularly in comparing
designs with and without use of information from sibs. A somewhat unclear picture has
emerged to date, however, partly because of differing assumptions and input values used
for simulations. Long and Langley (1999) showed that for smaller-effect QTL (~5% of
phenotypic variance), unstructured or random populations were more powerful than
TDT-based designs, and that power increased more when greater numbers of individuals
rather than markers were used. Moreover, they concluded that unstructured
populations sample sizes 2500 individuals would suffice to detect small-effect QTL
assuming a Type-1 error rate of 0.05. A further and nontrivial finding was that equally .
large populations would be needed to verify any detected associations.

Wu et al. (2002) developed theory for combined linkage- and linkage-
disequilibrium mapping, based on use of genotypic information from a single parent
combined with genotypic and phenotypic information from offspring, analogous to
multiple half-sib families, as in often used in breeding population testing. They compared
different combinations of family numbers and sizes, and compared the power to detect a
segregating QTL of large effect with an unstructured population without information
from progenies. In contrast to Long and Langley (1999), they found that simulation results
indicated that use of information from progenies was more powerful than unstructured
populations only, particularly with low disequilibrium, assuming the same number of
individuals genotyped. Results also indicated that few families with many offspring per
family were more powerful than many families with few offspring. A key benefit of thi
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approach is that the use of progenies obviates the need to independently evaluate
population structure. However, because these results were based upon a single QTL with
a large effect (both additive and dominance terms equal to residual error), relevance of
these results may well be limited, as individual QTL effects are typically much less than
residual variance. Therefore these results would need more careful evaluation using a
range of QTL effects more relevant to known genetic architectures,

Most of the above studies have involved estimating power with comparison-wise
Type-1 error rates in the region of 0.01-0.05. However, such values may be problematic

_ in reality because actual results in that range of P-value may not be equate to strong evidence
for an association. Using a Bayesian approach based on theory originally developed by
Luo (1998), Ball (2005) calculated that P-values in the range of 0.01-0.05 actually
represented weak evidence against an association for sample sizes in the 432-1,200
individuals in an unstructured population. P-values in the range of 10™ would be more
indicative of evidence for an association, assuming high prior expectation for an
association (see Chapter 8). This also implies that larger sample sizes than those
generally reported above would be needed.

Ball (2005) also showed that very large sample sizes are necessary for high power
(0.9) of detection of QTL with small eftects (explaining 1-5% of total variance) when
using either candidate genes or a genome scan in an unstructured population. To obtain
high power with strong posterior odds (Bayes Factor >20) with moderate disequilibium
(D’ =0.1), sample sizes ranging from 6,800 to 40,100 would be necessary to detect QTL
of 5 and 1% effect, respectively. Such sample sizes are based in part on relatively low
prior odds, which may be increased through generation of additional experimental and
biological information on specific genes (e.g., expression profiles, evidence of selection),
therefore sample sizes could be reduced. However, even with relatively high prior
odds, sample size requirements will still be relatively high. Furthermore, Ball (2005)
quantified the power to detect QTL when marker and QTN frequency differed. Even
with very large sample sizes (19,200 and 38,400 genotypes), there is relatively low
power to detect rare QTN with intermediate marker allele frequencies, even when in
almost complete disequilibria. This is an important consideration, given that long-
term genetic gains are driven by low-frequency QTN, along with mutations that arise
during the selection period.

What can be concluded regarding optimal experimenta! designs based upon the
work described above, and what are the implications for tree breeding programs? Firstly,
moderate- to large-effect genes are likely to be easily detected using material from
existing breeding populations, as long as there are sufficient numbers (200-1,000
putatively unrelated genotypes with phenotypic records available). For smaller-effect
genes, which are likely to dominate the genetic architecture of quantitative traits in
particular, much larger sample sizes are likely to be needed; therefore augmentation of
existing breeding populations with genotypes from natural populations may be necessary.
The implication here is that such augmentation will require common-garden
experimentation, which is time-consuming, and could delay or militate against use of
association genetics. Furthermore, maintenance of genetic diversity of nonbreeding
population genotypes is also a necessity. Optimal designs with sufficient power for
detection of small-effect QTL will therefore need to be ascertained in the context of tree
improvement programs, most likely necessitating numerical simulation on a case-by-case
basis.
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Experimental designs could nonetheless be incorporated into tree improvement
programs even if additional genotypes are necessary: such populations will be useful for
other purposes (such as parameter estimation for new traits), particularly if progenies are
incorporated. Indeed some redesign of breeding strategies may well be necessary if
genetic tests are to take effective advantage of association genetics.

10.7.2.2 Analytical Methods r

A fturther requirement for successful implementation of GAS is the use of appro-
priate methods for analyzing results from association tests. Some parameters such as
population structure, linkage disequilibrium, and evidence for natural selection are
estimable from sequence data generated on a small subset of genotypes, which could be
used as a prescreen for a larger association test. For the latter, it would be necessary to
use only those polymorphisms not in LD with other polymorphisms (“haplotype-tagged”
polymorphisms), which would be determined in such a prescreen.

A number of analytical approaches could be used, depending on the experimental
design. For most experimental designs, population structure will need to be tested for
and, if present, taken into account. After examination of evidence for population
structure, a number of parameters need to be simultaneously estimated for effective
application. These include gene-substitution effects, population structure, frequency of H
both marker and QTN, mode(s) of gene action, and genotype X environment interaction
(if present). Methods for estimating such parameters are discussed more fully in
Chapter 8.

Preliminary .analyses for detection of marker—trait associations can be undertaken
using simple regression or ANOVA-based approaches, which can be undertaken in a
variety of software packages. Specific software such as PowerMarker (www.power-
marker.net) and TASSEL (www.maizegenetics.net) can also undertake limited analyses.
While these may be useful for indicating a potential association, more detailed analyses
are required for adequate statistical inference and gain estimates. While maximum-
likelihood methods have been developed to estimate key parameters (e.g., Wu and Zeng.
2001), the estimates tend to be ‘prone to selection bias’ if the same data are used to estimate
parameters as well as detect associations (Ball 2001), and thus may be unreliable.
Overestimation of some gene-substitution effects has been reported for QTL mapping
(Beavis 1994; Ball 2001). Bayesian methods may be more appropriate here (see
Chapter 8). Methods to reduce or eliminate selection bias have been developed for QTL
mapping in pedigreed populations (e.g., Ball 2001), and extension to commonly used
experimental designs for association genetics may be useful.

A further consideration for the experimental design is the actual nature of the
molecular data. Data can come from haplotypes (such as directly sequencing each copy
of a gene in the diploid genotypes, or genotyping haploid tissue), or directly obtaining
marker genotypes at each polymorphic site without surrounding sequence information.
The key difference here is that with haplotypic data, the phase relationships between
polymorphic sites are known for each copy of a polymorphic region in an individual. In
contrast, for marker-genotype data, phase relationships are not known. Haplotypic data -
are considered, by some, to be more powerful for detection of marker—trait associations,
as information from multiple polymorphisms can be condensed into discrete haplotypic
classes (e.g., Lynch and Walsh 1997). Long and Langley (1999) found that marker-based
methods were as powerful if not more powertul in some situations, than “simple”
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haplotype-based methods, and simulations suggested lower Type-1 error rates. Genotypic
data are sometimes cheaper to obtain, as direct sequencing is not necessary.

10.7.3 Access to Appropriate Genotyping Facilities

HTP facilities are necessary for sequencing and genotyping, for both detecting
associations and operational selection. Extensive sequencing and resequencing are
required, even if only a small subset of genotypes are used for initial scans of candidate
gene regions. HTP genotyping is an obvious prerequisite, given the large amount of data
generation necessary for adequately conducting powerful association tests. Whether or
not specific breeding programs choose to develop “in-house” capacity or choose to
outsource this component will be a choice made on a case-by-case basis.

10.7.4 Marker selection

Appropriate marker systems are an obvious prerequisite for detection of
associations between marker and trait variation, along with HTP genotyping for selection
purposes. But how many and what types of markers are needed for association genetics?
Requirements for association genetics and subsequent selection applications differ
substantially from those for QTL mapping (Table 10.2), primarily because disequilibrium
per base pair is likely to be substantially less for apparently unstructured populations
versus pedigreed QTL mapping populations. Forest trees present specific problems here.
The outbreeding behavior, in particular, means that regions of LD tend to be very small,
typically in the range of 0.3-2 kb (Table 10.1). In addition, gymnosperms in particular
have typically large genomes (Murray 1998) adding further complications.

Several approaches could — at least in theory — be used to select polymorphisms to
detect marker—trait associations. These include:

Use of the same markers as those developed for QTL mapping, for example,
SSR and EST markers. For most forest tree species, total number of markers
used for linkage and QTL mapping is generally in the range of several hundred
to low thousands, and therefore insufficient to achieve adequate resolution for
association mapping given the typically small stretches of LD. Moreover,
many of these loci are likely to amplify phenotypically neutral regions of the
genome, or at least do not appear to be strongly correlated with trait variation
even in specific pedigrees where disequilibrium is much greater, so such markers
are unlikely to be adequate for association genetics. Nonetheless, these markers
can be useful for revealing population structuring, which needs to be taken
into account in association tests. It is also possible that a small number of loci
could be in disequilibrium with QTN.

Whole-genome sequencing (and resequencing), such as that undertaken in
humans and a small number of important domesticated animal species. This
involves complete (or near-complete) genome sequencing, followed by in silico
polymorphism identification, after which a subset of polymorphisms are chosen
for whole-genome scanning based on the patterns of observed disequilibrium.
Such an approach is costly and technically challenging with existing sequencing
technologies in highly repetitive and large genomes such as gymnosperms. For
example, in P. radiata, assuming a 1C genome content of 22 x 10° bp (Murray
1998), with a 1,000 bp haplotype block size on average, we calculate that 22
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million markers would be needed. To genotype a 1,000-tree population at a cost
ol US 3 cents per marker per genotype, would cost in excess ot US'$1 billion!
Even for the smaller angiosperm genomes, assuming 1%o ot the size of the above
example with a similar haploblock size, cost is still well beyond the reach of
most tree breeding programs.

—  Partial genome sequencing (and resequencing) of specific (rather than entire)
senomic regions. This is a more limited approach than that described above.
Genomics technologies targeting gene-rich areas such as Cot-based selection

; methods, which target low-copy-number regions. may be an alternative lo

whole-genome sequencing/resequencing. Such an approach may be more

; financially acceptable, particularly for hardwoods which have smaller genomes

than conifers. Further research is needed, however. to determine if such methods

i could be effective at targeting QTN. as success of this approach is predicated on
whether or not the QTN are located mainly in either low-copy-number regions
or regions of low methylation. Genic regions within such “short™ genomic
stretches would need to be identified. which could be done using gene-searching
algorithms, and/or alignment with relevant EST databases. QTN discovery via
this method could still be expensive, however, as high polymorphism rate and
fow LD per base pair mean that SNP discovery would be expensive. Moreover,
gene families could further complicate this approach in the more complex;, larger
genomes such as in conifers.

- Preselection of candidate genes, followed by polymorphism discovery, within
these genes as well as the surrounding regions. We consider marker selection
using this approach more promising than all of the above, primarily due to cost.
With this approach, nucleotide variants within the transcribed sequence and the
surrounding regulatory regions would then be assayed for association with trait
variation. Such candidates could be selected using various approaches, which
are described in more detail in the following section.
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Figure 10.1. Generic process for selecting candidate genes and generating polymorphism information on
association tesls.
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The overall process from gene selection to generation of genotypic data on

association tests is described in Figure 10.1. It should be noted that this process assumes
population structure has been already evaluated.

10.7.4.1 Candidate-gene selection

Generic methods for candidate gene selection are described in more detail elsewhere
in this book. Here, we outline more specific approaches that could be considered, noting
that except for Populus and Eucalyptus, there will be very little genome-wide data
available for subject, although for most commercially important genera extensive EST
sequence information is available, if not in the species of interest, then in a closely related
species. Note, too, that selection of candidate genes can be based on more than a single

criterion, although the relative efficacies of the various criteria are not vet known. Such
criteria include:

Choosing orthologous genes to those in model plant species that have been
shown to have a role in traits of interest (Figure 10.1. Box A). For example,
Thumma er al. (2005) found that polymorphism in an intronic region of a CCR
gene was statistically associated with microfibril angle in £. nitens in a small
association population. This gene was chosen because it is homologous to the
IRX4-causing CCR in A. thaliana. However, it is not yet known to what extent
and which plant model systems can predict roles of the homologous genes
governing endogenous variation in forest tree species. If, in the more complex
conifer genomes, there is a greater tendency for large gene families affording
some degree of functional redundancy, information from short-lived
angiosperms could be of limited value.
Similar to the above, but using information on mutations and knowledge of gene
sequences (and expression patterns of the sequences) from other forest tree
species. For example, while an annual-plant model system could have limited
applicability, a model system based on a woody perennial (e.g., Populus) could
be more useful. In either case, the role of comparative genomics is crucial.

Endogenous genes based on known or suspected role(s) in relevant biochemical

pathways (Figure 10.1, Box B), e.g., genes involved in lignin biosynthesis as a

preliminary choice to investigate natural variation in lignin chemistry. Much
molecular information has been generated on this topic, and the key regulatory
genes have been identified (e.g., Huntley er a/. 2003). Such an approach has
been used in mammalian systems, although with mixed success. For example,
the Booroola gene in sheep (FecB), which causes elevated fecundity, was
initially thought to be due to natural variation in FSH, a gene encoding a
follicle-stimulating hormone. However, subsequent linkage analysis showed
otherwise (Dodds er al. 1993), which was later verified by identifving the
causative gene.  ~

Information from transcript profiling (Figure 10.1, Box C), identifying genes
whose expression patterns are correlated with specific traits. A number of
differential-expression technologies have been developed, including micro-
arrays, cDNA~AFLP and similar approaches, and are now extensively used.
although not as tools in breeding programs. Such technologies do reveal many
candidates — possibly too many to be used as a screening tool alone. Moreover,
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heritable variation may arise for reasons other than differential expression of
allelic variants. In reviews of cloned plant QTL. only three of ten QTL whose
mechanisms were determined were shown to be due to differential expression
(Salvi and Tuberosa 20035). Nonetheless. combining expression-profiling tech-
nologies with QTL mapping shows considerable promise. A number ol studies
have shown this hybrid approach to be useful in identifving the genes potentially
causing trait variation (Wayne and Mclntyre 2002). For example. Kirst ef al.
(2003) reported a candidate eene underpinning a major-effect QTL in an
interspecitic Eucalyptus hybrid. Furthermore. Cato er al. (2006) reported a
dehyvdrin gene associated with both wood density and growth rate in P. ruadiura
that showed allelic differences in transcript abundance in different wood-
forming tissues within the same genotype.

A variant of the above. using proteomics rather than mRNA populations. The
lack of complete correspondence between translation and transcription may be a
useful means to eliminate those genes that are less likely to contribute to trait
variation. Moreover., this approach has promise in that it may also identify gene
products whose contribution to trait variation may be due to reasons other than
differential expression (e.g.. protein folding. etc.). Such an approach has not
been extensively tried yet, at least not in forest trees.

Expressed genes that consistently colocalize with QTL regions in multiple
pedigreed QTL mapping populations, either within or across species
(Figure 10.1, Box D). In practice. this could be of limited value, as confidence
intervals around QTL are likely to cover much of a chromosome. particularly
where sample size is limited (Dupuis and Siegmund 1999). Nonetheless,
pedigreed mapping populations could be used as an additional screening step.
However, caution is recommended: small-moderate size QTL mapping
populations could be of limited value as they may not be sufficiently powerful to
detect QTL, therefore the lack of association is not conclusive; or else the QTN
may not be segregating in the particular pedigree(s) being used. If using
information from another species to infer trait association in the subject species,
then evidence for nonrandom colocation of QTL for traits of interest should be
determined « priori, otherwise use of information from other species will be of
little value.

Genes that have been shown to be associated with variation in traits of interest
via association genetics in other species (Figure 10.1, Box E). Caveats regarding
utility of transferability of QTL across species mentioned above also apply.
Nonetheless, marker-trait associations that occur in homologous sequences
across species may also serve as independent validation of associations.

Use of genetic transformation to determine potential role(s) of candidate genes
(Figure 10.1. Box F). This approach involves modification of endogenous gene
function in some manner, e.g., enhancer trapping. RNAI, over-expression, etc.
However. for forest trees, such approaches have limited promise, particularly in
species where trait expression takes vears, and/or have low transformation
efficiencies. Other technical problems could also be limiting. e.g.. sense
suppression in the case of over-expression. Regulatory issues could also impact,
particularly where field trials are necessary. However, this approach may be
useful in cases where in virro or early-assay systems have been developed.
particularly where transient expression can result in a discernable phenotype.
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As we learn more about the function of specific genes alone. and in cm'lcext Wl:.];
other genes, other criteria are likely (o be added to the above. list. Mor.eovet., as llm?
information from each of these sources becomes avaitable, it will be possn.ble to eYa uatel
the relative efficacy of each of these criteria. Suffice to say. the roles of struc‘tm‘z(\yl ancF
comparalive genomics, proteomics, molecular biology, as well as }_““J.W edge t(l)
physiological roles of specific genes, are crucial. Very few of these skills are currently
utilized by, or available within, current tree breeding programs. _ dated with

Of interest too, are the identity and nature of regulatory regions assoclate ’ Wt .
candidate genes-(Morgante and Salamini 2003 Paran and Zamir 2003). Be'caus'g IIZ\'I
variation could be a result of gene regulation, there is a need to ascertain —hv.la dg,:{g,)-
sequencing if necessary — regulatory sequences. This should be easily ac I?VZ'H‘ o
promoter sequences in close proximity to open reading frames, but may !?e more .],f,
for transacting enhancer elements, particularly if such sequences are not known a priori.

10.7.4.2 Polymorphism discovery and evaluation

Following selection of candidate genes, further evaluations a(?fy nseqeuclirgtz
(Figure 10.1). These involve resequencing on a subset of genotypes to identi biet for
polymorphisms, and to determine patterns of disequilibrium before ChOOSlnS;‘kSLI’ s
testing for associations with traits of interest. SNPs and indels are the most like )]d e
of polymorphism to be useful, although other forms (such as repeat sequences) colu those
be useful. Polymorphisms that need to be detected and evalua‘ted |qclude nfﬁ'o‘l: ():envions
nonsilent substitutions in coding regions, but also polymorphisms in nf)ncdo. mc'lib:rium
such as introns, and 3’ regulatory regions, particularly ift.hey are not in llseqeudl o be
with polymorphisms in coding regions. Patterns of disequilibria wil ntle o e
determined on a gene-by-gene basis, unless some general. patfems emerje Q:rest oo
applied across all genes. The relatively short span of ciiseqll}llbr‘a observe ],n sive S*;\]p
(Table 10.2) — at least by some statistics, such as r* — »\fxll necessitate exten
discovery and evaluation throughout the relevant genic ,-eg‘xons. . . uence

Detection of SNPs and evaluation of disequilibria require genomic seq .
information, some of which can be obtained from EST databgses, but re%ltx!atosxt}; an~
intronic  regions will need to be sequenced from genomic DNA'l b n-sintenSive
polymorphism detection ~ is likely to be very time-consuming and labor available,
particularly in species where little EST and/or gDNA sequence information is will need
and may well limit the rate of implementation, as individual po!yn)orphlsmi se-scale
evaluation and assays for chosen SNPs will need to be optimized fol: ta expedite
genotyping. For most forest tree species, technologies are needed tha . Eence
polymorphism detection and resolution without the need for extensive seq
information. . T ]

It may therefore be useful to implement further mar)fer-select‘non Cl‘ltter‘l: iﬁtclfihdlz
point, prior to extensive SNP optimization and/or resequencing. Pgsmble cr! e.tr)lle ole in
whether the sequence data generated reveal any evidence mdxcatlpg a posst aminine
trait variation — such as evidence of selection, which can be obt.amed‘from exallnn Fobr
patterns of nucleotide substitution in coding and noncoding regions for ei?tmsoen' o a
example, Cato er al. (2006) reported elevated levels of nonsynonymous subs lvl"th wood
dehydrin gene in P. radiata that had previously been shown to coloczﬁe f:I lme o
density QTL, and was subsequently shown to be associated with both growth ra
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wood density in an association population consisting of 1.700+ genotypes. Whether or
not such criteria will be broadly effective is yet to be determined. in part because some
QTN may not be under natural selection, yet still of use for artificial selection.

Once polymorphisms are detected and optimized for genotyping. a subset of
polymorphisms will need to be selected and screened across some form of association
population for which phenotypic data are available. Numbers required per gene (and
associated regulatory regions) will depend upon the number of statistically independent
regions per base pair and the size of the region being evaluated. It may therefore be
necessary to screen tens of polymorphisms per genic region. although Krutovsky and
Neale (2003) estimated less than ten would suftice for all but large genes. Also. because
the size of the populations is likely to be in the order of many hundreds to thousands
(below), high-throughput SNP genotyping is likely to be necessary. A range of
technologies are available for this, and technology developments in this area are ongoing.
Access to such technologies is obviously required, at affordable cost.

10.8 HOW MIGHT GA4S BE INTEGRATED INTO A TREE IMPROVEMENT
PROGRAM

The generic advantages of using association genetics in tree breeding have already
been stated (cf. Stromberg er al. 1994). For effective use there are many possibilities.
Some of the issues will be common to both MAS (including marker-based and marker-
assisted selection) and true GAS based on QTN, and some will be specific to one or the
other. To be effective, use in tree breeding of nucleotide—trait associations derived from
association genetics must be integrated with essentially the existing tree improvement
practice. Such practice includes the arrangement and structuring of breeding populations,
and the manner in which genetic gain is delivered into plantation forests. For the future,
the practices can be modified as true GAS becomes possible.

Tree breeding differs from much traditional crop plant breeding because of various
factors, including relatively little history of domestication. moderate-high levels of
genetic load, and long generation intervals imposed by slowness to reach reproductive
competence and/or late expression of trait values. Forest tree breeding tends therefore to
take a population-based approach involving many genotypes, where populations are
usually structured into a hierarchy (Burdon 1988):

— At the lowest level are unimproved gene resources (essentially undomesticated
genotypes).

— From these, the next level, the breeding population, is or already has been chosen.

— From which in turn the best genotypes are chosen (usually progeny-tested) for the
production population, from which planting stock is derived for forest
plantations.

This hierarchy of populations is schematically like a pyramid with the widest
genetic diversity at the base, and the narrowest genetic variation at the top level of
genetic improvement. Within this scheme, there can be many variations and refinements.
Movement of genetic material will tend to be very much up the hierarchy. in the nature of
replenishing genetic diversity in the upper levels.

At the start of a breeding program, before any progeny testing, the production
population and the breeding population are often one and the same. Thereafier, the
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breeding population becomes the “engine room” for cumulative genetic advance,
building up frequencies of favorable alleles through successive cycles of mating, genetic
recombination, and selection. For clonal forestry, clonal selection will typically be done
within crosses between top-ranked parents which may be common to both the breeding
population and existing seed orchards. A

To complicate matters, tree breeding typically involves multitrait breeding
objectives, and some programs also develop specific breeds that focus on improving
differing sets of traits (Jayawickrama and Carson 2000). Application of GAS in tree
improvement programs needs to fit into this general framework in a cost-effective
manner. We will now consider potential applications of GAS in the context of such
population hierarchies.

10.8.1 Plus-Tree Selection Applications

In programs where new plus-tree selections are required, GAS may be useful as a
prescreening tool either to increase selection intensity, or to cull candidates down to those
of sufficient promise to warrant costs of testing, and of forwards selection among
offspring. Here, GAS has, in theory, the advantage of favoring selection well before full
phenotypic expression, therefore increasing the available number of selection candidates.
However, this may be constrained by the cost of phenotyping relative to genotyping, plus
the desideratum ofascertaining marker~trait associations for the multiple traits that comprise
a breeding goal. Nonetheless, marker—trait associations could be accumulated over time
from association tests, and utilized as they become available, thereby increasing scope for
adding new material into breeding populations. Similarly, genotypes could be identified
for immediate deployment, in addition to incorporating them into breeding populations —
assuming propagation systems exist to cost-effectively multiply selected genotypes
without detrimental effects of maturation. For instance, in response to a biotic crisis (e.g.,
outbreak of a new disease or pest) GAS could be directly applied to identify genotypes
more likely to be resistant to the pathogen or pest, rather than undertake laborious
phenotypic screening. Specific genes could then be integrated more quickly into the
relevant populations. Prospects for widespread application of GAS for plus-tree selection
may be limited in practice; however, as population sizes for detecting associations would
most likely exceed those required for breeding population advancement. Moreover,
knowledge of nucleotide-trait associations may come to hand too late for fresh plus-tree
selection, especially with traits of late expression.

10.8.2 Breeding Population Applications

Breeding populations in forest trees tend to comprise many genotypes, sometimes
exceeding 1,000 parents, most of which are putatively unrelated plus trees and/or their
offspring. Co-ancestry is usually minimized, to avoid deleterious and sometimes
unpredictable effects of inbreeding, often via use of sublines (Burdon and Namkoong
1983). Substructuring of breeding populations is often undertaken, utilizing “main™ and
“elite” populations, generally with more intensive data gathering and selection in the
smaller elite populations, 1o secure genetic gains sooner than in the main populations.
Phenotypic evaluation in breeding populations is usually done on offspring that are
planted in common-garden genetic tests, which allow breeding population advancement

AT Toibd
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by forwards selection for the multitrait criteria. Backwards selection, from progeny-test
results, is also used to rank parents, particularly for production populations.

For breeding population advancement, the same marker—trait associations as might
be used for plus-tree selection described above could be used for selecting among and
within families, to increase selection intensity, as an early selection tool, and/or to reduce
costs. However, even within breeding populations, specific applications will be context-
dependent. For example, in main populations, which are generally less intensively
managed than elite populations, GAS could be used as a surrogate for more expensive-to-
measure traits. Here, phenotypic data could be generated on cheap-to-assay traits (e.g.,
growth rate) and GAS used for more expensive or later-expressing traits (e.g., certain
wood properties). However, for the time being, DNA polymorphisms are likely to
characterize less additive genetic variation than phenotypic records, resulting in
potentially less gain for traits selected just on marker information. Such a reduction could i
be offset by increasing selection intensity among, and particularly, within families.
Trade-offs will need to be carefully evaluated, initially at least via simulation.

For any breeding, an ideal is saving rare or low-frequency QTN that have current or
contingently favorable additive effects. Such alleles can be the key to longer-term
genetic gain and/or coping with a biotic crisis. For detecting, preserving and increasing
the frequencies of these QTN, instead of losing them to genetic drift, GAS may be
crucial. However, such a pursuit may well be deemed too expensive for breeding
programs that are dominated by shorter-term financial imperatives.

In elite populations, with the fewer families for intensive measurement and
selection, opportunities may exist for more intensive selection and faster turnover of
generations. For combined among- and within-family selection, there is more scope to
increase selection intensity within families. Because association tests identify markers in e
strong disequilibria with QTN, it may be relatively easy to detect pedigrees within which
the predominant linkage phase is reversed. Undetected reverse-phase linkages are likely
to be serious within small elite populations, or any other small breeding groups within the
breeding population; simulation would again be heipful in quantifying potential
reductions in gain. ;

Reducing generation intervals through use of GAS would depend on the trees
becoming reproductively competent before trait expression. However, if markers or
actual QTN were used as a surrogate for trait expression, genotypes could be screened as
soon as sufficient tissue can be spared for DNA assays, even in germinating seedlings.
Some conifers, in particular, are typically reproductively competent before selection age
for at least some commercially important traits, creating a real potential for use of GAS to
shorten generation interval. However, this would require marker—trait associations that
explain substantial additive genetic variance for at least some important breeding goal
traits. While this could one day be achieved, it is currently more likely to have
associations that explain only a proportion of additive variance for just subset of traits.
Thus, trade-offs between expected gain per generation and rate of generation turnover will
need to be carefully evaluated.

It is more likely that, in the shorter term at least, selecnon in elite breeding
populations would be implemented in a multistage approach, using marker information as
an early screening tool, followed by phenotypic records. Such an approach could either
increase selection intensity (by screening more genotypes), or reduce costs of phenotvplc
evaluation by short-listing genotypes for field testing, to achieve the same 3alf}
Alternatively, using GAS to select for later-onset traits — if the nucleotide—tl'al{
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associations are established — could reduce generation interval, by concomitantly using
phenotypic records on the earlier-expressed traits. A simple example could be in breeding
objectives that incorporate both growth rate (if it is only expressed well at an advanced
age) and, say, resistance to a disease for which empirical phenotypic screening is possible
in very young seedlings.

There are other generic breeding population applications for GAS, which apply
alike to both main and elite populations. These include more powerful selection via
correlation breakers,” reselection, and as a surrogate for later-onset and/or expensive-to-
measure traits. Such applications, while generic in nature, seem appropriate for where the
need is greatest — move likely in elite populations.

Selection for recombinants of known QTN that break adverse genetic correlations
between breeding goal traits is especially attractive. Detection of such recombinants
would not require field testing, and can involve many more genotypes than could be
field-tested, thus raising the probability of encountering the desired correlation breakers.
Such genotypes would then need field testing, as confirmation, which would be done
anyway in breeding population advancement.

A challenge will exist in applying GAS to new breeding goal traits in breeding
populations. Tree breeding not only usually involves multitrait breeding goals, but also

» new traits are sometimes added to breeding goals in response to changes in market
: perceptions and values. Information for establishing the requisite associations for using
: GAS may be already available, even if the trait was not originally part of the breeding
goal; otherwise, the major effort of fresh association tests may be needed. Alternatively,
existing association tests may be screened for those new traits, and any subsequent
association used for backwards and/or forwards selection, rather than extensively
5 screening multiple progeny tests over successive generations for the same traits. For
. selecting a new trait, the greater selection intensity allowed by forwards selection
: would be very attractive, but at the risk of a new generation's decay of LD. As usual,
:  correct choices. of candidate genes will be key to making this approach cost-effective,
especially finding the polymorphisms in strong LD with the QTN if not the actual QTN.
Related to this, is the potential to use GAS as a surrogate for phenotypic evaluations
* that are either expensive or involve destructive sampling. While establishing associations
between markers and traits would of course require expensive phenotypic evaluations as
part of the operational development; it may well be cheaper to use this route than to
continue “trawling” numerous genetic tests over several cycles of breeding. Where
assessment is necessarily destructive, there may be limited opportunity to measure
progeny tests because of their inherent value for assaying other traits; therefore, GAS
could be used as a surrogate for destructively sampled traits — if the requisite associations
have already been established. Clonal replication of individual offspring, however, would
effectively avert loss of material to destructive sampling.

QTN conferring resistance or tolerance to specific pests or pathogens may be
particularly amenable to GAS. Pathotype-specific resistance genes of large effect are
known in forest tree pathosystems (Kinloch et al. 1970; Wilcox et al. 1996), and in some
cases are of great commercial potential despite their specificity. Identifying the QTN
underpinning such pathotype-specific resistance, or finding polymorphisms in strong

The type of correlations that can in principle be attacked effectively in this way would be correlations
resulting from important chromosomal linkages that are persisting following fusion of differentiated ancestral
populations, rather than correlations stemming from pleiotropic effects




236 P.L. WILCOX ET L.

disequilibrium with these QTN, has the benefit of obviating the need for screening
families with specific pathotypes, to determine which families carry which resistance
genes. Combining or “pyramiding” different resistance genes, preferably within the same
individuals, can promise resistance that is durable against mutations and genetic shifts in
. the pathogen (Burdon 2001). Thus, phenotyping costs can be much reduced, as well as
time required for manipulation of frequencies. This may be a great advantage in the event
of a biotic crisis where low-frequency resistance is required to quickly combat a new
disease or pest. The advantage would be increased by the desirability of pyramiding
different resistance factors. Genotypes carrying such QTN can be identified in the
breeding population (including directly estimating QTN frequencies), enabling among-
and within-family selection to be carried out over a large proportion of the breeding
population. In such circumstances, it is likely that at least some of the resistant genotypes
will be suboptimal for other traits, so GAS might be used to select for other properties to
reduce the loss in genetic gain.

Despite the prevalence of inbreeding depression in forest trees, use of mbleedmt7 as
a breeding tool has attractions because it can theoretically amplify the expression of
additive gene effects (e.g., Burdon and Russell 1999; Russell es al. 2003). In most
species, however, the challenge will be to “purge” highly deleterious recessive alleles
(“hard™ genetic load) that threaten viability and/or often mask the expression of favorable
additive gene effects in inbred lines (e.g., Williams and Savolainen 1996). MAS has
promise for such purging, because QTL effects of hard load should be relatively easy to
detect in individual pedigrees in order to purge such alleles even in the heterozygous state
(cf. Kuang et al. 1999). Use of GAS in this way, however, may not really work, because
such genetic load almost certainly represents alleles that are individually rare but occur at
very many loci and are therefore very unlikely to be involved in any general LD.

10.8.3 Production and Deployment Populations

Production populations comprise the genotypes that either provide seed for
deployment into plantation forests, or are used for large-scale vegetative propagation for
clonal forestry. These populations usually have a few tens of genotypes at any one time,
and actually represent subsets of the breeding populations and are subject to most of the
same considerations as the breeding populations for the applications of GAS. As subsets,
they represent a relatively narrow genetic base compared to the breeding- and gene-
resource populations. Related matings are avoided as far as possible, to avert inbreeding
depression. Various systems are used to deliver commercial planting stock. Some
programs use open-pollinated seed orchards, to produce seedlings. Other programs use
control-pollination technologies, where top genotypes are pollinated with pollens from
either single or multiple parents. Seed from these either provides seedlings for planting
stock, or is vegetatively multiplied as nursery cuttings or as plantlets raised from in vitro
culture, but, despite the average level of genetic improvement, this still produces
uncharacterized segregating offspring genotypes. For clonal forestry, genotypes produced.
by intercrossing top parents are subject to a further round of testing and selection, befor
identifying and mass-propagating top clones for deployment.

Production populations are of key importance, as it is these populations from whic
seed and plant producers obtain most of their revenues, thus additional costs associate
with this form of selection can be offset in a shorter time period than the breedin
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population applications, as few if any products are delivered to forest growers directly
from breeding populations. Furthermore, there is continual pressure on breeding
programs to deliver gains to commercial plantations faster and/or at greater rates.
Production populations are therefore more likely to be target populations for applying
GAS, at least in the shorter term.

GAS, along with its variants, has obvious possibilities for selecting individual
offspring for clonal forestry and/or subsequent vegetative amplification of a narrow range
of genotypes — such as in situations where “family forestry” is combined with vegetative
amplification. The parents — while they may already have been selected with the aid of
GAS — will almost certainly still be highly heterozygous, so the expected genetic
variation within any sort of family will be considerable for most quantitatively inherited
traits. Where GAS is based on markers in LD with the QTN rather than on the QTN itself,
response to selection of a limited number of clones in a limited number of families could
be very vulnerable to reversals of the prevailing linkage phase, especially as this material
will represent one more generation for decay of LD to occur in. On the other hand, the
small number of families should make it relatively easy to verify linkage phases in
individual pedigrees. The results of Wilcox er a/. (2001) indicate that this scenario could
be cost-effective in the context of within-family selection (MAS) based on neutral DNA
markers.

In selecting clones for clonal forestry the potential of GAS for selecting rare
recombinants, especially involving QTN, looks particularly attractive, because such
recombinants could not be produced reliably through sexual reproduction within any
reasonable timeframe.

Where new traits must be addressed in the breeding goal, the emphasis in selection
for production populations is likely to shift in favor of forwards selection over backwards
selection, which is likely to favor use of GAS if the appropriate associations can be
established.

For disease resistance (and possibly some cases of insect-pest resistance), the
potential of GAS for advantageous pyramiding of resistance factors looks especially
valuable. This could be all the more important where durability of resistance may depend
on certain individual resistance alleles remaining at minority frequencies, in pyramiding
at the leve] of the population rather than the individual genotype.

10.8.4 Summary: Selection Application in Forest Tree Species

This section has outlined generic applications of marker~trait associations obtained
from association genetics for tree breeding programs. Overall, GAS can be applied at the
various strata and substrata in the genetic hierarchy of a classical tree breeding program.
Within each of these strata there are opportunities to increase genetic gains by increasing
selection intensity, more accurate selection, reduced costs of field testing and phenotypic
evaluation, and possibly to speed up responses to changes in breeding objectives. Specific
applications would, however, need to be carefully and quantitatively evaluated on a case-
by-case basis, particularly in light of the fact that results from association tests will most
likely come from a limited range of traits where only a proportion of the extant variation
is accounted for by assayable polymorphisms, at least in the short term. Furthermore,
because of the additional costs of this form of selection compared to phenotypic selection
alone, it is likely that the initial application will be in the production populations, where
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investment in nearer-to-market selection applications are likely to have more immediate
pay-back.

10.9 FIT WITH OTHER BIOTECHNOLOGIES USED IN TREE
IMPROVEMENT

As already stated, a key feature of GAS is the complementary fit with other genetic
technologies. including those currently under development. For these new technologies to
be applicable, they need to be more cost-effective at delivering genetic gains than
conventional technologies. A number of new technologies are under development, and
are at various stages of readiness for implementation in tree breeding programs. Here, we
consider examples of new technologies that can be used to complement GAS and greatly
enhance its effectiveness.

10.9.1 Within-Family Selection Based on DNA Marker—QTL Associations (MAS)

Scope exists for integrating GAS strategy with that of MAS. Because most
commercially important tree breeding programs are now well into advanced-generation
selection, there is significant emphasis on within-family selection in order to maintain the
breadth of genetic base and avoid undue build-up of co-ancestry. MAS could be used for
within-family selection although some limitations have been noted (Strauss er al. 1992;
Kerr and Goddard 1997; Johnson et al. 2000), including the need for large individual
family sizes necessary tor achieving genetic gain for most quantitatively inherited
characteristics (Wilcox et al. 2001). Given the high cost of detection of marker—trait
associations for MAS on a family-by-family basis, it is likely that in breeding programs
using MAS, detection of marker—trait associations will have been undertaken in only a
subset of families in their respective breeding programs. Here, GAS could be used both
as an aid to among-family selection and to augment MAS for within-family selection
where family-specific marker—trait associations for MAS are not available. There are two
potential benefits in doing this: firstly, increased genetic gains for reasons outlined above,
and secondly, alleviation of the accelerated build-up of co-ancestry that could occur
with the operational dependence on MAS. With MAS, accelerated co-ancestry could
arise through MAS being available only for a smail proportion of pedigrees which could
therefore contribute disproportionate numbers of selections. More broadly applicable
marker—trait associations (i.e., GAS), by facilitating selection from all pedigrees, would
not be conducive to the same build-up of co-ancestry. Given the large sample sizes per
family that are needed to detect QTL so as to achieve moderate genetic gains from MAS
(Wilcox et al. 2001), practicing MAS across large numbers of essentially unrelated
families becomes prohibitive. In comparison, GAS requires much lower sample sizes
when averaged across the number of parents in breeding populations (discussed below).
However, this advantage could be offset to some extent by the need to identify and assay
many more polymorphisms per candidate gene, although there is potential to reduce
sampling costs due to techniques such as pooling DNA samples from phenotypic
extremes (Michelmore er al. 1991). Moreover, in specific cases such as dominant
major genes for disease and insect resistance (cf. Bus ef a/. 2000), which do not require
large sample sizes for detection, MAS is likely to be an effective means of obtaining
ain; when thus detected, such genes may then be amenable to use of GAS, with the help
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of comparative genomics based on DNA sequences in other plants. Similarly, tamily-
specific effects associated with inbreeding (e.g., lethals, loci contributing to reduced
vigor and general fitness status) may be better dealt with via MAS on a pedigree-specific
basis as co-ancestry builds up, with GAS used to select for other characteristics. This
could be especially important for purging highly deleterious alleles if aggressive
inbreeding were to be adopted as a breeding tool.

Combined use of experimental infrastructure for both MAS and GAS has potential
benefits also. Pedigreed QTL detection populations (as would be used for MAS) with
association genetics population (as used for GAS) have been evaluated as a means of
fine-mapping QTL (see Chapter 8 and references therein). Such an approach could be
used to reduce confidence intervals around QTL location, thereby narrowing the range of
potential candidates and effectively increasing the probability of choosing the appropriate
genes.

10.9.2 Genetic Engineering

For operational use of genetic engineering, it is always important to do
transformations on carefully chosen recipient genotypes. This is partly because inherently
poor recipients will remain poor even after transformation, and partly because
transformation costs are still high because of both the inherent costs of the protocols and
the low success rate resulting from the inexact nature of contemporary transformation
technologies. Selection of recipient genotypes, however, may be constrained by the fact
that transformation may need to be done on embryogenic material. This creates a special
attraction for the sort of very early selection that GAS can afford, by using DNA data
(along with prior family information) to identify top candidates for transformation.

In addition to the operational use of genetic engineering there is the role of genetic
engineering to establish the roles of candidate genes, which may serve to inform
conventional breeding via indicating which genes are likely to result in phenotypic
effects. In practice, this could be limited because of the time and expense of genetic
modification, although some genes could be identified in this manner (see Section 3.4.1).

10.9.3 In Vitro Propagation Technologies

With the various technologies for in vitro propagation (e.g., organogenesis and
somatic embryogenesis), the opportunity for early identification of top genotypes has
benefits when both amplifying limited quantities of top genetic material, as well as for
development of material for clonal testing and deployment. This form of early selection
not only increases selection intensity, but also could be used to increase the efficiency of
tissue culture by identifying genotypes more likely to propagate well — although having
to select for propagation behavior is liable to be at the expense of potential genetic gain in
other directions. This also applies to in vivo vegetative propagation. However, with a
number of propagation technologies in various commercially important forest tree
species, further development of propagation technologies may be required to fully utilize
the potential from GAS. :
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10.9.4 Accelerated Flowering and Rejuvenation Technologies

Accelerated flowering technologies may be crucial to realizing at least some of the
benetits of GAS and MAS. Such technologies can make it possible to capitalize on
the early selection afforded by GAS to dramatically reduce length of breeding cycles and
the lead time for deployment of genetic gains, thereby achieving more effective
utilization of endogenous variability. For example, breeding cycles in contemporary
commercially important conifer species are still 14-20 years in length, with selection
requiring 4-10 years, and flower induction and seed production requiring a further 5-
8 years. Flowering-on-command, coupled with selection based on DNA sequence
information, could reduce the time for identification of top genotypes dramatically — in
theory to much less than a year. Indeed, reducing the time required for floral induction,
fertilization, and seed production could increase rates of gain by as much as three times,
depending upon the reduction of generation interval.

Rejuvenation technologies achieve the opposite to accelerated flowering in
operational breeding. The prospective benefits of rejuvenation for realizing genetic gain
are great (Burdon 1982; Bonga and von Aderkas 1993), but they generally interplay less
specifically with GAS than do the benefits of accelerated flowering.

10.9.5 Technologies to Study Pathways of Gene Action

GAS experiments (LD populations) are also useful as screening populations for
identifying potential causative QTN, allowing integration of molecular and selection
technologies by sharing common experimental platforms. The potential offered by
association genetics experiments to identify candidates offers molecular biologists the
opportunity to use genetics to inform roles and functions, thereby elucidating the
particular roles of specific genes and the manners in which they might interact at a
whole-organism level, either informing or complementing in vitro or model plant studies.
Benefits arising from identification of causal mechanisms and pathways, apart from
improved understanding of the molecular basis for heritable variation, include identifying
genes (and methods) to create and exploit variation based on understanding the causal
mechanisms (including potential pleiotropic effects). In the shorter term, a further benefit
includes the identification of which and what type of genes could be targeted to create
new “mutations” (via transformation) of potentially larger effect (Section 10.9.2 and above).

10.10 LIMITATIONS AND CHALLENGES

While the potential for GAS in tree breeding looks positive, implementation in
commercial breeding programs faces a number of key obstacles. These include the high
cost of implementation, institutional barriers, and technical impediments due to certain
molecular mechanisms underpinning trait variation. We briefly discuss each of these
below.

A key impediment to uptake is the high up-front cost of implementation, which is
particularly important given that most commercial breeding programs need to bear most
or all of the entire costs, whereas the benefits of genetic gain tend to accrue further down .
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the forestry value chain, which can take decades to materialize. Reasons for high
implementation costs include:

- High cost of establishing marker—-QTN associations. In order to achieve
adequate experimental power, large experiments are likely to be needed (above),
Furthermore, such experiments are likely to be costly to measure, particularly as
most breeding objectives involve multiple traits, and typically include
expensive-to-assess wood-property traits.

—  Costs associated with polymorphism discovery and genotyping. Polymorphism
discovery consists of extensive amounts of resequencing, followed by
elucidation of disequilibrium patterns after which subsets of SNPs are chosen
for genotyping in association tests (Figure 10.1). Because a number of
polymorphisms per gene will be needed as well as several genes per QTL
interval (unless prior information indicates a clear choice), there is substantially
more evaluation and genotyping required per QTN than compared with MAS
using pedigreed QTL mapping populations, although with the latter marker—trait
associations need to be ascertained on a pedigree-by-pedigree basis. Such costs
are not trivial, and may only be offset by investment from public funding
agencies or by collaborations with organizations undertaking association
genetics studies for purposes other than selection. Associated with sequencing
and genotyping costs is the necessity to access facilities to undertake such work,
although access to technologies could be attained through service providers and
existing laboratories.

—  Additional skills needed for operational implementation in breeding programs.
These include competency in marker technologies, genomics and cellular
biochemistry (primarily for candidate gene selection), and quantitative genetics
methods relevant to detecting and estimating linkage disequilibria. Such skills
usually require teams rather than single individuals, which therefore requires
additional investment to establish and maintain an infrastructure associated with
such teams, unless such skills can be acquired via collaboration.

—  Occurrence of genotype xenvironment interaction. This will increase the
number of experimental populations that will need to be deployed, although
deploying cloned experimental populations could minimize additional
genotyping. Even if selection for specific environments is not needed, good
coverage in terms of test environments may still be needed (cf. Johnson and
Burdon 1990).

—~  Intergenerational changes in relationship between QTN and phenotype. These
could arise for example with disease/pest resistance genes, where shifts in the
pathogen/pest population could change predictive value of QTN(s). Similarly,
changes over time in environments, or even silvicultural practices, could likewise
change the nature and/or extent of the causative associations in a manner that
may not be easy to predict. Such changes would be likely to make certain costs
recurring.

High costs mean GAS is unlikely to be an attractive option for species and/or
breeding objectives with low commercial value. Even for species with greater
commercial value, the additional investment may not be considered affordable,
‘particularly for existing operational programs that lack additional financial resources with
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which to develop and implement the operational infrastructure necessary for GAS.
Therefore careful evaluation of specitic implementation strategies and including costs
and benefits are most likely to be necessary.

Certain mechanisms underpinning trait variation could also prevent effective
development of GAS. An example particularly relevant to species with limited

-commercial value and/or relatively limited availability ot nongenic DNA sequence
(particularly those with large genomes) is where causative QTN occur many kilobases
distal to expressed genes. Such is the case for the Fgi/ locus in corn, which has been
shown via association genetics to map to a 2 kb region that is 70 kb away from the
nearest open reading frame (Salvi er al. 2006). 1f such distal transacting regulatory factors
dominate trait variability, then extensive amounts of gDNA resequencing will be
required. This would significantly add to costs, as well as reduce efficacy, particularly for
large-genome species, effectively precluding application in gymnosperms, as well
as a number of hardwood species. Another example is where trait architecture is
predominantly composed of clusters of small-effect QTN per QTL. Such architecture is
theoretically possible, and further experimentation will reveal whether or not this is the
case. Experiments of sufficient power will be necessary, increasing cost and time
required to detect QTN. Furthermore, genotyping costs per unit of gain will be greater,
potentially offsetting expected benefits.

Another technical limitation is the predictive value of associations in the light of
potential modes of gene action, particularly epistasis. Nucleotide substitution effects
would usually be estimated by averaging over allelic combinations sampled in
association tests. However, the selected variants may not be well represented in
association tests, so the predictive value of multilocus QTN could be limited in the
presence of epistasis. Evidence from genetic tests in conifers indicates that large-effect
epistasis is unlikely to be prevalent, but does not rule out smaller epistatic effects. Such
interactions are plausible, given the nature of interdependent biosynthetic pathways that
give rise to phenotype, but may not be observed (or even important) in large outbred
deployment populations that are typically derived from open- and control-pollinated seed
orchards. Conversely, for clonal forestry, where GAS could potentially be used to
identify candidates for further testing, such interactions could be important, particularly if
candidates available to be screened are unlikely to include optimal multitrait genotypes
because of biological limitations on the numbers of seed that could be produced for
screening, '

A specific, potentially important class of epistasis, is co-adapted gene complexes..
This phenomenon is possible in forest trees, although some surprising cases have been:
observed of essentially independent inheritance of traits that would seem to hav
common adaptive significance (Howe et al. 2003). If, however, such complexes do exis
they must be considered when generating and selecting new variants, necessitating th
detection and if necessary, management of, haplotypic complexes. Fortunately, furthe
experimentation to detect such complexes may be unnecessary, as existing technologie
combined with association test populations may well be adequate. We envision that suc
research will be undertaken over the next few years. If present, means of managing 0
adapted complexes in tree breeding programs will need to be implemented; although th
may not be difficult in theory, it may present major logistical challenges.

GAS may have little or no utility for backwards selection and reselection with
existing breeding and production populations, particularly where progeny tests
already established and measured for other traits. Such instances may not be rar
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breeding objectives and strategies are frequently being revised, and new traits are often
introduced into breeding programs in response to factors such as new biological pressures
and/or market signals. In these cases, it may be more cost-effective to screen extant
families for new properties. In breeding programs with limited resources, the short-term
cost-effectiveness of such approaches may restrict or prevent investment in technologies
such as GAS which are longer-term in delivery of improved germplasm, unless marker—
trait relationships can be easily undertaken in association tests that result in a significant
proportion of trait variation being explained by markers.

Institutional barriers to implementation also exist. In the case of breeding
cooperatives and companies whose programs are based on phenotypic selection, barriers
can exist to understanding the nature and complexities of molecular genetics applications
as most programs have tended not to use such tools routinely, and when done, usually in
some conceptually easy application such as verification of parentage or clonal identity.
Convincing such organizations, which tend to be conservative, to implement this
technology, may be difficult particularly in light of the few results to date that clearly
demonstrate ease of detecting associations let alone actual genetic gains. Furthermore,
fluctuations in the relative economics of plantation forestry and frequent ownership
changes can prevent adequate investment from nongovernment sources to appropriately
develop and implement the technology. This may be particularly important where
plantation ownership is dominated by investors with short-term financial goals, therefore
unwilling to participate in more longer-term activities such as association genetics.

For reasons described above, we foresee that GAS is most likely to be implemented
in breeding programs where there are good operational links between molecular
geneticists and tree breeders (as well as others), either moderate to high product values or
sufficient scale to allow costs to be widely spread, and sufficient investment over the

requisite period of time to enable discovery of suitable numbers of marker—QTN
relationships.

10.11 CONCLUSIONS

Application of association genetics in plantation forest tree species has the potential
to increase genetic gains from among- and/or within-family selection via a number of
routes such as increased selection intensities and/or earlier selection. Such selection can
be applied to virtually all strata of hierarchically structured populations used in tree
improvement, although it is likely that the most immediate applications will be in
populations used to provide seed for commercial plantations, owing to the relatively
shorter timeframe to recover additional costs associated with detecting marker—trait
- associations. Other potential benefits include cheaper selection, reduced need for
phenotypic selection, and complementary fit with other biotechnologies used either
commercially or in research, as well as use of the same experimental infrastructure for
- purposes other than selection.

The few studies to date of LD in forest trees indicate relatively short spans of LD,
mplying that finding disequilibria between causative QTN will need to be undertaken
via judiciously chosen candidate genes (hence use of the term “gene-assisted selection™),
particularly in conifers where large genomes effectively preclude cost-effective whole
genome resequencing.

There are a number of important prerequisites for GAS to be successful. These
nclude effective integration of existing tree breeding skills with molecular genetics,
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genomics, and bioinformatics, as well as relevant statistical skills. In addition, access to
adequate populations with which to detect sufficient numbers of small-effect QTN are a
key requirement. Access to genomics and genotyping facilities are also critical, as are
accessed to technologies that will improve the ability to choose appropriate candidate
genes.

There are, however, some potential impediments to implementation of association
genetics in tree breeding. These include the high costs of detecting marker—trait
associations relative to product value and long rotation lengths of forest trees; certain
modes of gene action which may preclude effective detection of associations, particularly
in conifers; and institutional barriers associated with understanding and investing in new
technologies.
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Preface

The approach taken for locating the genes that underlie human diseases has shifted from
pedigree-based linkage studies to population-based association studies. In both cases the
proximity of a genetic marker to a susceptibility locus is inferred from statistical
measures that reflect the number of recombination events between them: in a disease
pedigree there are no more than a few hundred opportunities for recombination so that
recombination rates less than about one percent cannot be estimated and genes can be
located only coarsely on a genetic map with that approach. The linkage disequilibrium
detected in an association study, however, reflects the actions of many thousands of
recombination events since the initial disease mutation and the expectation is that
susceptibility genes can then be mapped more accurately.

The editors of this volume have recognized the need for parallel activity in plant species.
For the past 20 years, the genes that affect plant economic traits have usually been
mapped with data collected from “pedigrees” of populations formed by crossing inbred
lines. These Quantitative Trait Loci have been mapped on a coarse scale, and a QTL is
likely to refer to several genes in a region. The move to population-based association
studies was therefore as necessary in plants as it was in humans, and readers will find this
book to be a useful review of the marker technology, statistical methodology, and
progress to date. Although one of the authors fears that “plant genetics can be considered
as less advanced than human genetics” the chapters suggest that if that is the case it will
not be so for long.

The recent increased activity in association mapping in humans has rested on the
development of efficient and affordable methods for discovering and employing Single
Nucleotide Polymorphism markers. Plant geneticists cannot command the resources
available to their human geneticist colleagues, but they can anticipate benefiting from the
success of the International HapMap Project. The improvement in marker technology
from such large projects will inevitably be imported to plant studies. The editors have
provided helpful guides to the use of SNPs in association studies.
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Along with the substantial increase in the volume of data when large numbers of
individuals are typed at millions of SNPs there are substantial challenges in the statistical
interpretation of the data. This book contains a valuable account of the issues of multiple
testing and an accessible account of False Discovery Rates. The more basic concepts of
linkage disequilibrium and case-control versus family-based association tests are also
discussed. It is often the case that geneticists do not receive extensive statistical training
and the coverage of the theory of estimation and testing is therefore welcome. Readers
will notice a greater use of Bayesian methods than is usually found in statistical aenetics
books. Such methods are appearing more frequently in scientific papers.

I congratulate the editors and all the authors on this timely and comprehensive treatment
of association mapping in plants. The importance of food and fiber for human welfare
cannot be overstated, and progress in plant improvement will rest in no small part on the
work described in these pages. On a personal level, | am delighted by the leadership
shown by my fellow antipodeans.

B.S. Weir

Professor and Chair
Department of Bjostatistics
University of Washington
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Introduction

Most traits we deal with on a daily basis have complex inheritance patterns that
complicate the ability of existing mapping technologies to detect the underlying genetic
factors. In the last decade or so, we have seen the successful use of conventional map-
based strategies in identification and cloning of quantitative trait loci (QTLs) in model
plant species including tomato and Arabidopsis. However, efficient gene discovery with
this method will probably continue to be largely limited to those loci that have large
effects on quantitative trait variation. Techniques are also needed to more rapidly
identify genes that play a modest role in regulating quantitative trait variation.
Association mapping via linkage disequilibrium or LD (non-random association of alleles
at different loci) offers promise in this area. The traditional approach of linkage/QTL
mapping reliant on developing large mapping populations continues to suffer from lack
of mapping resolution inherent in samples with limited meiotic cross-over events. These
problems are exacerbated in tree crops, where very large populations are impractical from
a plant management point of view. In association mapping, there may not be any need to
make crosses initially to generate segregating populations. The natural variation that
exists in the available germplasm can be utilized for mapping straightaway.

o

i

Association genetics via LD mapping is an emerging tield of genetic mapping that has
the potential for resolution to the level of individual genes (alleles) underlying
quantitative traits. LD mapping is a technology that can take full advantage of the
phenomenal leaps and bounds in technology development in the area of molecular
biology and marry it with our increasing understanding of the molecular basis of
inheritance and molecular tools recently developed in terms of molecular markers and
genetic maps in a way that could have a significant practical impact on breeding. The
convergence of improved statistical methods, availability of growing plant genomics
databases and improvements in the affordability and potential scale of sequencing and

xiii




Edited by
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For the past decade, there has been success in using conventional map-based strategies in
identification and cloning of quantitative trait loci (QTL) in model plant species includ-
ing tomato and Arabidopsis. These quantitative traits are generally the products of many
loci with varying degrees of effect upon the observed phenotypes. Recently, a new
approach to genetic mapping has emerged called association mapping. This new tech-
nique takes into account the thousands of genes to evaluate for QTL effect and is a more
efficient approach that does not require generation of segregating populations/large num-
bers of progeny. As it can utilize all of the historic recombination events in a diverse pop-
ulation of individuals, it can generate higher resolution genetic maps, and is needed to
complement current map based cloning methods.

Association Mapping in Plants provides both basic and advanced understanding of associ-
ation mapping and an awareness of population genomics tools to facilitate mapping and
identification of the underlying causes of quantitative trait variation in plants. It acts as a
useful review of the marker technology, the statistical methodology, and the progress to
date. It also offers guides to the use of single nucleotide polymorphisms (SNPs) in associ-
ation studies.

This book will appeal to all those with an interest in plant genetics, plant breeding, and
plant genomics.

About the Pditory

Dr. Nnadozie C. Oraguzie is a Senior Scientist in Genetics at the Horticulture and Food
Research Institute of New Zealand Ltd (HortResearch).

Dr. Erik H. A. Rikkerink is a Science Leader at HortResearch, New Zealand.

Dr. Susan E. Gardiner is a Principal Scientist and leader of the Gene Mapping research team
at HortResearch, New Zealand.

Dr. H. Nihal De Silva is a Senior Scientist of Biometrics at HortResearch, New Zealand.

LiFe SCieNcEs

@ Springer

ISBN 978-0-387-35844-4

780387"358444

> springer.com




