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Abstract: The past three decades have seen considerable research into the molecular genetics and
genomics of forest trees, and a variety of new tools and methods have emerged that could have prac-
tical applications in applied breeding programs. Applied breeders may lack specialized knowledge
required to evaluate claims made about the advantages of new methods over existing practices and
are faced with the challenge of deciding whether to invest in new approaches or continue with current
practices. Researchers, on the other hand, often lack experience with constraints faced by applied
breeding programs and may not be well-equipped to evaluate the suitability of the method they
have developed to a particular program. Our goal here is to outline social, biological, and economic
constraints relevant to applied breeding programs to inform researchers, and to summarize some
new methods and how they may address those constraints to inform breeders. The constraints faced
by programs breeding tropical species grown over large areas in relatively uniform climates with
rotations shorter than 10 years differ greatly from those facing programs breeding boreal species
deployed in many different environments, each with relatively small areas, with rotations of many
decades, so different genomic tools are likely to be appropriate.

Keywords: applied tree breeding; forest products; forest tree genomics

1. Introduction

“Applied tree breeding” is a generic term that includes a variety of breeding efforts,
depending on the biology of the target tree species and the context for the breeding
program [1]. For this short perspective, we define applied tree breeding to include long-
term efforts to make or allow crosses with selected individual trees, measure a set of target
traits in the progeny from those crosses, and choose a new set of selected individuals
for the next round of crosses based on analysis of those measurements. Such programs
typically have two main goals. The first is to estimate the genetic value of specific genetic
entries, which may be clonal propagules, full-sibling families from controlled crosses,
or open-pollinated families from known seed parents. Typical tree breeding programs
assess thousands to tens of thousands of progeny to determine genetic value, over testing
cycles ranging from a few years to several decades depending on the tree species. The
second goal is to improve the average value of the target traits in the breeding population
relative to the entire population of the species. Land managers use estimated genetic
values in deciding which genetic material from the breeding program to use in establishing
plantations. Plantation establishment and maintenance require substantial investment,
and such investments are often made with the expectation of an economic return when
the plantation is harvested, so there is good reason for a cautious, conservative approach
to assessing the genetic value of propagules used for deployment. In contrast, decisions
about which trees to cross do not carry the same expectation of a direct economic return, so
breeders can be more flexible about testing new methods.
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Tree breeding programs occur in different organizational contexts; some are propri-
etary programs within individual for-profit companies; others are collaborative programs
with members representing both private-sector and public-sector entities, and others are
entirely in the public sector. Despite these differences, many aspects of these diverse pro-
grams are similar. They are subject to biological constraints based on the life history of
target tree species, to economic constraints that limit what can be done to achieve breeding
objectives, and to social constraints that may limit what approaches are considered accept-
able for implementation in tree improvement and forest management operations. In some
cases, tree breeders work with diverse groups of stakeholders and must build consensus
among those stakeholders to change established practices. Each of these constraints will be
considered in more detail below, as all can affect whether a specific genomic technology is
cost-effective in a particular breeding program.

Researchers pursuing fundamental understanding are often funded by government
agencies through competitive grants and are charged with finding new knowledge and new
applications for existing knowledge. This focus creates a strong incentive to seek the novel
and to interpret the possible benefits of their research in the most favorable way. Researchers
working to develop new products and services for service provider companies are also
motivated to present their new research results in the most positive light. Researchers are
encouraged to take risks, the cost of failure is relatively low, and there are few constraints to
drastic changes in approach or strategy from experiment to experiment and grant to grant.
This flexibility is important, but is inconsistent with the long-term planning and investment
of applied breeders, which can lead to problems. For example, during the days of QTL
mapping experiments, large full-sibling family block plantings were desirable experimental
materials, and some breeders established such plantings at the request of researchers. By the
time the plantings were large enough for phenotypic measurements, however, the research
community had moved from QTL mapping in families to association mapping in diverse
populations, and the researchers were no longer interested in the family-based materials.
The net effect was that the breeders’ time and efforts were wasted. Such experiences
greatly reduce the enthusiasm of applied breeders to embrace cutting-edge methods and
encourages a “wait and see” approach to determine which new technologies will stand the
test of time before making any investment to test a new method.

Given the differences between fundamental research and applied breeding, it is not
surprising that applied breeders working to achieve specific breeding goals often view the
claims made by researchers as exaggerated. This situation seems unlikely to change unless
the incentive structures created by government funding agencies and market forces change.
Some funding agencies are now requiring evidence of industrial uptake or partnerships in
specific funding programs, and opportunities for applied breeders and researchers to work
together toward common goals do exist.

The overall value of a genomic technology to a tree breeding program depends on
the characteristics of that breeding program and on the capabilities of the genomic tool.
“Application” of genomic tools to breeding also means different things to different people.
To researchers, the fact that SNP genotyping arrays are used to generate data from breeding
populations may represent application, while to breeders the data may be considered a
research result rather than an application unless the resulting genotyping data produce
better selections, less work, or lower expenses than previous practices. Collaborations
between applied breeding programs and researchers can help identify challenges faced
by individual breeding programs and find genomic tools to address those challenges.
These insights require participation from both researchers and breeders, development
of cost-effective genomic tools to improve breeding outcomes, and appreciation of the
different reward systems for researchers and breeders. Several factors affect the costs and
benefits of application of genomic tools in breeding. Our goal in this short perspective is
to review those factors and help breeders identify appropriate criteria to use in assessing
the suitability of genomic tools for their own programs. This is not intended to be a
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comprehensive review of the literature, but rather an expression of our opinions about the
current state of the art, with references to examples as an entry point for further reading.

2. Constraints on Applied Breeding Programs
2.1. Social Constraints

The genetic diversity of planted forests is an issue of much greater social concern
in some regions than in others [2]. In some regions of the tropics, a relatively small
number of different clonally propagated elite genotypes of an exotic species can be planted
over hundreds of thousands of hectares. In contrast, in boreal regions, dozens of genetic
entries of a native species are typically planted in any planted forest to satisfy social
expectations about the genetic diversity of forests. The expectation of genetic diversity is
not necessarily a constraint on the nature of planting stock; genetically diverse plantations
can be established with clonal propagules by including a large number of different clonal
genotypes, as is proposed for Norway spruce in Sweden [3]. The larger the area that can
be planted with a single genetic entry, the more the investment in producing that genetic
entry can be amortized with other establishment costs. However, the stakeholders for
some breeding programs may be opposed to using methods considered to be “un-natural”.
Genome editing is likely to face this barrier in some regions, but even controlled crossing
or vegetative propagation and deployment of elite genotypes are considered unacceptable
by some.

Another social constraint is the diversity of opinions in large stakeholder groups,
particularly if those groups hold some formal power to control the breeding program.
Responsible tree breeders consider the larger context of social needs and preferences in
their work. Nonetheless, breeders working in private-sector proprietary programs have
different stakeholders than breeders working in public–private cooperative organizations
or in public-sector agencies. In the private sector, the economic return from applying
genomic tools can be an important consideration. In contrast, cooperative and public-sector
breeders may be unable to point to any direct increase in revenue from the cost of costly
genomic tools, which therefore makes the decision to use such tools more difficult to justify.

2.2. Biological Constraints

The reproductive biology of the target tree species is important, particularly with
respect to the efficiency of controlled pollination and production of seeds and seedlings.
Some species, such as commercial species of the genus Acacia, have flowering biology
that makes seed production from controlled pollination extremely inefficient [4], although
open-pollinated seed can be produced easily. Such species are typically bred using an open-
pollinated mating design, but analyses of genetic value are much more powerful using a
full-sibling model with both parents known [5]. It is now possible to use single-nucleotide
polymorphism (SNP) or other genetic markers derived from genome analysis to identify
the pollen parent for most seedlings from open-pollinated seed lots, particularly for species
grown as exotics where the level of pollen contamination from surrounding trees is low [6,7].
The ability to vegetatively propagate the target species and the typical propagation strategy
for deployment must also be considered. Species that can be cloned when juvenile but
not after maturation can benefit from the application of genomic prediction methods
that allow identification of high-value individuals when they are still young enough to
propagate efficiently.

Additional biological factors include the size of the deployment region for each breed-
ing population, the number of breeding populations, the availability of data and biological
materials from previous cycles of breeding and testing, genome size and complexity of
the target tree species, typical tree age at harvest, perceived risks of climate change and
potential for novel pests or diseases, and genetic diversity of the species or species pool in
the breeding population(s) [8]. Many of these biological factors relate to testing, selection,
and deployment, rather than to breeding per se. The size of the deployment area affects the
amortization of costs for development of elite genetic entries used. For example, consider
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a deployment area of one million hectares. In the boreal region, this land area might be
divided into 20 deployment zones, each with its own breeding population, e.g., Sweden,
see [9]. Such zones stratify the region based on differences in elevation, latitude, or other
environmental factors. The costs of using genomic tools for 20 breeding populations will
be much higher than the costs for a single breeding program in a tropical region that can
deploy the same genetic material over the full one million hectares.

2.3. Economic Constraints

A key issue is whether use of genomic tools adds costs to the breeding program, or if
funds are simply shifted from one expense to another. If using genomic tools adds costs, it
becomes important when those costs must be incurred and when the return on investment
is received [10]. For example, a company in the seed orchard and nursery business can
expect a return on investment from the sale of improved seedlings, without the need to
wait for plantation establishment, growth, and harvest. On the other hand, if the return
from investment is received only after the harvest of improved trees, which may be several
decades for boreal species, then an unreasonably low discount rate may be required to yield
a positive net present value for that investment. If no new expenses are incurred, and funds
are simply shifted from one purpose to another, this issue is eliminated, so using genomic
tools in ways that reduce other expenditures is a key to making them cost-effective [10].

3. Possible Applications of Genomic Tools in Practical Breeding
3.1. Marker-Assisted Selection

Traits controlled by a few genes have been targets for identifying markers linked to
alleles with favorable effects on the trait. For example, marker-aided selection has often
been tested in traits such as wood specific gravity [11–13] and resistance to fusiform rust
disease in loblolly pine [14–16] or white pine blister rust disease in white pines [17,18].
These traits are often highly heritable, and simple phenotypic selection is generally effective
for obtaining gains. The main advantage that markers can provide is the ability to select
earlier and without the expense of direct phenotypic measurements. When the benefit does
not justify the expense of marker genotyping, or if the breeding program needs to be able
to make selections outside of the specific pedigree in which the marker-trait association
was identified, then there is little justification for the use of markers in selection. One
exception to this generalization might be the use of markers linked to rare alleles conferring
disease resistance to aid in ‘pyramiding’ resistance genes or combining multiple genes from
different backgrounds into a single individual [19]. Markers are better than phenotypic
measurements in this case because one allele conferring resistance can mask the presence
of another resistance allele unless a comprehensive collection of pathogen strains with
different combinations of known virulence alleles is available for testing. Such resources
are sometimes available for annual crop disease resistance breeding but are not common
for forest trees.

3.2. Clonal Identity Validation in Seed Orchards and Breeding Programs

A small number of 10 to 40 informative markers can eliminate misidentified ramets and
increase the genetic purity of harvested seed lots [20]. This application has immediate value
to the customers purchasing family seed lots or seedlings, particularly those purchasing
the most elite families, where any contaminants will degrade the average performance of
the seed lot. Organizations that implement such quality control measures also benefit from
the increase in consumer confidence in the genetic quality of planting stock [21].

3.3. Parentage Validation for Mass-Produced Control-Pollinated Seedlots

Depending on the relatedness levels between founding genotypes, a relatively small
number of between 40 to 200 informative markers can be used to evaluate the genetic
purity of control-pollinated seed lots [22,23]. As for clonal validation, this is valuable to
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the purchaser of the seed lots or seedlings and to organizations that benefit from increased
consumer confidence.

3.4. Parentage Reconstruction

A larger number of informative markers (>100) may be required to identify parentage,
depending on whether the seed lots have any available information on seed-parent ances-
try [6,7,22,23]. Another key factor is the number of different possible parents and whether
all possible parents are available for genotyping—the fewer the possible parents and the
greater the availability of possible parents for genotyping, the fewer the markers needed to
achieve adequate confidence in parental assignments [24]. The value of parentage recon-
struction is to allow full pedigree determination of progeny planted from open-pollinated
seed lots. Doing so can increase the accuracy of genetic parameter estimates and allow the
detection of non-additive effects, such as dominance or epistasis, that cannot be analyzed in
open-pollinated progeny tests [5]. Furthermore, it may be the only way full-sibling family
models can be applied to estimate genetic parameters for species where controlled crossing
is inefficient or impossible, e.g., Acacia. The advantages of full-sibling genetic models over
open-pollinated models are significant, so parentage reconstruction can be an important
application of genomic tools in breeding [25].

3.5. Construction of Realized Genomic Relationship Matrices

Best linear unbiased prediction (BLUP) analysis of progeny test results can use a
numerator relationship matrix based on pedigree records to estimate genetic covariances
among individuals [26]. With pedigree data, the degree of resemblance between two indi-
viduals is measured using the coefficient of co-ancestry, which is simply the probability
that two alleles at the same locus in the two individuals are identical by descent (IBD).
However, it is possible to construct relationship matrices with molecular markers. The
method most widely employed in forestry studies is that of Van Raden [27]. This uses
SNP marker information exclusively, and estimates are computed through cross-products
of marker genotypes deviated from mean allele frequencies and divided by the total het-
erozygosity at the locus. Van Raden’s estimator reflects the actual proportion of marker
alleles shared by two individuals and represents an identity-by-state (IBS) measure. Alter-
native methods have been developed for estimating additive genomic relationships [28],
dominance genomic relationships [29], and IBD-based genomic relationship measures
taking into account the IBD process, such as marker order and position within the genome
and the segmental nature of DNA inheritance and linkage disequilibrium (LD) [30]. A
marker-based realized genomic relationship matrix provides more accurate estimates of
genetic parameters [31,32]. Thus, selection accuracy can be improved when genotype
information is used with measured progeny phenotypes. Non-genotyped individuals can
be included in the calculation of the relationship matrix if they have known relationships
with genotyped individuals [33]. Tests of these methods with forest trees have reported
significant improvement in the accuracy of breeding values estimated for the genotyped
individuals but no significant improvement in the accuracy of breeding values for the
non-genotyped individuals [25,34,35].

3.6. Genomic Prediction of Progeny Breeding Value

Some livestock and annual crop breeders routinely use marker information and a
trained statistical model, without progeny phenotypes, to predict the breeding value of
selection candidates at a very early age. Genomic prediction can shorten the breeding cycle,
but relies heavily on LD between the genotyped markers and the unknown genetic variants
that underlie phenotypic variation [36]. Such strong LD is rare in typical populations of
forest trees but can be created in specialized breeding populations [37]. While genomic
prediction uses marker data to advance breeding, it differs from marker-assisted selection
in that no test for statistical significance of association between marker loci and trait
phenotype(s) is performed. This strategy avoids the Type II error common to genome-wide
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association studies (GWAS), which use very stringent statistical tests to control Type I
(false-positive) errors at the cost of allowing high Type II (false-negative) error rates [28].
Instead, genomic prediction models are tested by cross-validation, using the model to
predict genetic values of individuals not used in training the model, but which have both
genotypes and known genetic values available [38].

These example applications differ in the costs of sampling, DNA extraction, genotyp-
ing, and the value returned to the breeding program. The value obtained from genomic
tools depends on the size and structure of the breeding program and its social, biological,
and economic constraints. In addition to understanding potential applications, breeders
must understand the resources and tools required beyond genotyping. There is generally
a gap between the analytical capabilities of researchers and what is available to practical
breeders. To incorporate genomic tools, breeding programs may need to add personnel
who can analyze and manage large genomic datasets. There are opportunities to outsource
genomic data analysis, but this brings questions as to whether the methodology for analysis
truly aligns with the breeding program and whether the analytical method can be fully
understood or defended by the breeding program staff. The ideal situation requires internal
genomic data capabilities to build confidence and maintain control of the breeding program
within the organization.

4. Example Scenarios for Application of Genomic Tools
4.1. Tropical Species

Several examples of applications of genomic tools have been described in Eucalyptus
species and hybrids, including progress toward genomic prediction [39,40], as well as use
of realized relationship matrices in quantitative genetic analysis [41,42]. Another example
comes from Acacia crassicarpa grown in the tropics by Riau Andalan Pulp and Paper with
unpublished and published results [43]. This example illustrates key ideas, so will be
explained in more depth. Like several Acacia species, A. crassicarpa is insect-pollinated, with
reproductive biology that makes controlled crossing difficult [4]. Breeding was based on
testing open-pollinated families to identify seed parents with desirable progeny phenotypes.
Vegetative propagation is cost-effective but possible only with juvenile material. By the
time phenotypes can be measured for assessment of genetic value, the selected tree can only
be propagated by grafting. The deployment region consists of hundreds of thousands of
hectares of relatively uniform climate conditions, so the ability to identify elite germplasm
during the juvenile stage would allow the deployment over large areas. Identifying parents
of progeny in open-pollinated families would permit the establishment of full-sibling
genetic trials to enable the estimation of additive and non-additive effects, and specific and
general combining ability. Given these advantages, the company decided to use genomic
tools for marker discovery to allow parentage reconstruction and genomic prediction. The
first step in this process was to support development of a chromosome-scale genome
assembly for the species, followed by a population survey to identify SNP variants and
estimate allele frequencies.

The company then synthesized three genotyping panels: a low-density panel of a
few dozen SNPs for fingerprinting and parentage reconstruction, a mid-density panel
of several hundred SNPs for imputation, and a higher-density panel containing tens of
thousands of SNPs for constructing realized genomic relationship matrices and whole-
genome regression. A large set of open-pollinated families with known seed parents was
grown from seed collected from an elite seed orchard with a limited number of parents. A
population of 100,000 seedlings in a nursery setting were genotyped with the low-density
SNP panel. This allowed reconstruction of parentage for about two-thirds of the progeny
and identification of at least 80 full-sibling families with enough progeny to establish a
multi-site replicated field trial. This number of full-sibling families is more than half of the
parental combinations possible in a half-diallel mating design. The seedlings with inferred
parentage were used to establish a multi-site replicated progeny field test series. The
field tests were designed to estimate specific combining effects and non-additive genetic
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variance components. All progeny established in the trials were further genotyped with
the mid-density panel for imputation of the high-density genotypes of the parents. The
seed orchard that produced these progeny has a useful life of decades, while the rotation
age for plantations is less than 10 years, so knowledge about the genetic value of parents in
the orchard can be exploited for multiple rotations. Identifying progeny with high genetic
value during the juvenile phase will allow use of a deployment strategy that should increase
the yield and quality of product harvested from plantations within 12 to 15 years. The
social environment in which the company operates is permissive to these plans. If genomic
prediction allows within-family selection, then the gains in productivity and quality will be
even higher, but just using parental reconstruction will provide substantial benefit relative
to the open-pollinated breeding and deployment strategy used previously.

4.2. Temperate-Region and Boreal Species

For some hardwood and conifer breeding programs, genetic markers are routinely
used for validation of clone identity in seed orchards and parents in controlled crosses. The
cost of genotyping is justified by the added value of correcting the identity of mis-identified
parents in seed orchards and correcting pedigree errors from previous mistakes [44,45].
When existing genomic information is available for the species, individual breeding pro-
grams do not have to bear the cost of developing the marker panels or optimizing the
genotyping procedures.

Widespread use of genomic prediction does not yet appear to be cost-effective for most
temperate and boreal forest tree species. Progeny testing is currently less expensive than
genotyping for most breeding programs, but this may change with time. Costs of progeny
testing continue to rise, and genotyping costs may be reduced by technical advances,
so the economic balance may shift in the future, and genotyping has the advantage of
allowing earlier selection. In addition to genotyping cost, another significant barrier
to widespread use of genomic prediction is the cost of collecting tissue samples from
thousands of test trees and extracting DNA. The accuracy of genomic prediction may well
be lower than phenotypic selection but could still provide more genetic gain per year if
breeding cycle length can be reduced substantially [10]. Use of genomic predictions for
making deployment decisions is likely to require more time and testing than for breeding
because of the much higher economic stakes involved. Many forestland managers are now
very comfortable deploying seed from selections that were rigorously tested in the field for
a quarter to a third of a rotation period but may be less confident in planting thousands of
hectares from selections made based on a genomic prediction model.

Within-family selection is one case where genomic selection could add genuine value
to applied tree improvement in conifers. In this case, reduced costs of progeny testing
could offset the costs of DNA extraction and genotyping. The best trees within each family
are often indistinguishable in terms of the best linear unbiased prediction (BLUP) based
on data from field trial measurements. Without genomic tools, breeders have two options.
One option is to make multiple selections from the best families, and then test them all
in the next cycle of progeny tests to increase the likelihood of finding a true winner. An
alternative option is to select only one offspring per family and accept that the selected
tree may not be the best in that family. The use of the realized relationship matrix plus
progeny phenotypes increases the accuracy of within-family selection, allowing selection
of a single offspring per family while maintaining confidence that an elite individual was
identified. This approach could reduce the number of different families that must be tested,
and therefore reduce the cost of progeny testing enough to cover the costs of genotyping.
Selective genotyping of progeny within selected families would reduce genotyping costs,
and joint analysis of progeny from genotyped and non-genotyped families together has
been shown to improve selection accuracy for genotyped individuals [25,34,35].

The prospects for successful use of genomic selection seem highest within a breeding
program where personnel are familiar with both genomic data analysis and the long-term
needs and priorities of the program. Financial support is best derived from funds that
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support operational breeding, rather than from competitive grants. Efforts in spruce have
shown promise with the application toward long-term gains in longer-rotation species
like lodgepole pine [46] and in spruce programs [47,48]. This model has worked well in
integrating genomic prediction and other advanced methods in crop breeding by large
germplasm companies. Grant-funded fundamental research is important as a means of
developing new methods and testing new ideas at pilot-scale, but generally cannot carry
projects through the long periods required to validate outcomes in advanced generations
of tree breeding programs.

5. Conclusions

A variety of social, biological, and economic factors affect the potential costs and
benefits from using genomic tools in applied breeding programs. These factors should
be considered by breeders and by researchers interested in collaborating on genomic
methods for applied tree breeding. Collaborations between applied breeders and funda-
mental researchers can be very helpful in overcoming obstacles to the implementation of
genomic tools.

Due to the long-term nature of tree breeding programs, care is needed in making
changes and modifications to these programs. Some barriers to change will be economic,
and others will involve the details of practical application. Breeders may perceive that
they have to abandon proven methods to incorporate new technology. This perception can
create an “either-or” situation where they feel they must either continue with a current
method that works or adopt a risky new technology. It is best to avoid this dichotomy
and supplement existing methods with genomic tools where possible. To incorporate new
tools, breeders must be willing to adapt. Incentives to use genomic tools may come from
economic drivers to reduce cycle time, improve selection efficiency, or increase gain. These
incentives are balanced by the limits imposed by both the biological constraints of the
target species and the constraints imposed by the society where the breeding program
operates [49]. Public-sector breeding programs that are not primarily driven by economic
gain may find sufficient justification for use of genomic tools in the social pressures for
better management of forest diversity and resilience to climate change. Research in those
environments should focus on demonstration and economic valuation of those types of
benefits, in addition to any economic benefits that can also be captured [50]. Breeding
programs that are primarily focused on economic gain may evaluate the use of genomic
tools primarily in terms of cost versus genetic gain but should not overlook the value of
diversity and resilience factors as well. Breeders in all kinds of breeding programs must
also be willing to reevaluate how their breeding program works and where money is spent.

Applied breeding programs will need to consider the adoption of genomic tools with
a good understanding of the risk involved. To manage risk, it may be helpful to apply these
tools in specific populations until the value can be assessed. Results from academic research
may not translate directly to breeding applications, but the effort to incorporate new
technologies in test populations could generate new ideas to apply genomics successfully
in other aspects of the breeding effort.
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