
Summary The recent completion of a draft sequence of the
poplar (Populus trichocarpa Torr. & Gray ex Brayshaw) ge-
nome has advanced forest tree genetics to an unprecedented
level. A “parts list” for a forest tree has been produced, opening
up new opportunities for dissecting the interworkings of tree
growth and development. In the relatively near future we can
anticipate additional reference genome sequences, including
the much larger Pinus genome. One goal is to use this informa-
tion to define the genomic attributes that affect the phenotypic
performances of trees growing in various environments. A first
step is the definition of ideotypes that constitute optimal tree
and stand-level performance. Following this, the genome can
be systematically searched for genetic elements and their
allelic variants that affect the specified traits. Knowledge of
these alleles and their effects will facilitate the development of
efficient tree improvement programs through genome-guided
breeding and genetic engineering and further our mechanistic
understanding of trait variation. Improved mechanistic under-
standing of tree growth and development is needed to develop
process models that will allow us to anticipate and manage
change in forest ecosystems. Here we consider the develop-
ment of an ideotype for loblolly pine (Pinus taeda L.) and dis-
cuss genomic approaches for studying the component traits
that will enable advances in process model development and
the genetic improvement of this important conifer.

Keywords: biotechnology, crown architecture, ideotype,
marker assisted selection, net photosynthesis, pest resistance,
physiological genetics, tree breeding.

Introduction

In this article, we consider the near-to-medium term applica-
tions of genomic and physiological research directed to ad-
vancing forest tree improvement practice. We focus our dis-
cussion on loblolly pine (Pinus taeda L.) in which genome-
guided breeding, clonal selection and genetic modification can
rapidly increase the rate of tree improvement. This is not
meant to imply that plantation forests are more important than

natural forests. Extensive natural forests, which are commonly
managed with low intensity, provide environmental services
that are critical to society, and genomic research will have an
impact on their management especially in areas such as ge-
netic conservation and species restoration (Mosseler et al.
2003).

As in all biological science, forestry research, and in partic-
ular forest genetics, has become increasingly reductionist.
Forest genetics first used statistical techniques to partition
phenotypic variation of morphometric traits into environmen-
tal, genetic and genetic × environment interaction compo-
nents. Selection and breeding have been aimed largely at im-
proving productivity, pest resistance and wood quality based
on knowledge of variance components. Quantitative trait loci
(QTL) have been discovered that correspond with phenotypic
variation in many of these same traits (e.g., Bradshaw and
Stettler 1995, Grattapaglia et al. 1996, Wu 1998, Kaya et al.
1999, Sewell et al. 2000, 2002, Weng et al. 2002, Myburg et al.
2003). Physiological genetics has aimed to elucidate the pro-
cesses and mechanisms contributing to genetic variation in
growth and development, including the variation due to spe-
cific QTL (e.g., Kubisiak et al. 1999, Frewen et al. 2000,
Tschaplinski et al. 2006). Molecular-level variation (isozyme
and DNA polymorphisms) used to identify QTL has been used
also to estimate gene flow, mating structure and the extent of
inbreeding (e.g., Schmidlting et al. 1999, Al-Rabab’ah and
Williams 2002, 2004), furthering our understanding of the ge-
netics of forest trees.

The pinnacle, thus far, of reductionism in forestry is the re-
cent mapping of the Populus genome by whole-genome shot-
gun sequencing (Tuskan et al. 2006). The Arabidopsis genome
has provided a good model for understanding Populus, and
there is hope that Populus will provide a better model for
Pinus. However, a Pinus reference genome sequence is needed
if we are to understand fully this conifer’s genetics and physi-
ology, and its similarities to, and differences from, the angio-
sperms. Minorsky (2003) likened sequencing genomes to list-
ing the parts of an airplane, an important step that by itself
does not provide understanding of the engineered object (in
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this case the tree). Using a systems biology approach, we can
begin to connect the pieces at different levels of complexity,
ultimately building an in silico (Minorsky 2003) or virtual
(Chory et al. 2000) tree growing and developing in various en-
vironments.

In some cases, important traits have been found to be largely
controlled by one or a few genes. Where allelic variation oc-
curs for these traits, breeding cycles can continue to recombine
specific alleles and genotypes can be selected, tested and then
deployed in the field. In other cases, traits are controlled by
many genes, and these will be deduced and understood only by
integrating genomic analysis with well-designed genetic and
physiological experiments. In this paper, we explore the op-
portunities to incorporate and integrate genomic and physio-
logical research to advance tree improvement practice, and we
briefly discuss the opportunities and risks of employing ge-
netic engineering to augment such efforts.

Tree improvement in the genome era

Comprehensive information on the genomes of forest trees
will change the way tree improvement is practiced. Technol-
ogy for assessing the effects of single genes and their alleles on
complex traits is being developed, which will make it possible
to select and breed for specific genes or gene combinations. To
make this a reality, we need to assign the genes and the allelic
effects to traits in populations that are important for tree im-
provement and the development of our understanding of the
tree phenotype from a mechanistic point of view. The concept
of the ideotype provides a convenient conceptual bridge be-
tween physiological processes and the genes that underlie
them.

An ideotype is a model representing the physical and chemi-
cal attributes of a plant for a specified end-use grown in a par-
ticular environment. Depending on the end-use and environ-
ment, ideotypes can be simple (as recommended by Martin et
al. 2001), but usually they are complex because many desired
attributes are envisioned and may encompass a range of envi-
ronmental conditions. For example, the ideotype for biomass
production in non-irrigated, high-density poplar plantations
includes seven major attributes (growth, physiology, ecology,
morphology, stem form, wood quality and roots), and each
major attribute has at least two sub-attributes (physiological
sub-attributes include high photosynthetic rate per unit leaf
area, high ratio of photosynthesis to dark respiration, and
leaves, cambium and fine roots that adjust osmotically to
hydration) (Dickmann and Keathley 1996).

Ideotypes are often classified into a few classes such as iso-
lation, competitor and crop, but more exacting descriptions are
needed. For example, what are the specific individual tree
traits that translate into high biomass yield per hectare to pro-
duce a crop ideotype. Although only a few traits controlled by
only a few genes may significantly impact growth rate, other
traits such as pest resistance and wood quality need to be in-
corporated into a genotype that is to be deployed in the field.
Tree breeding programs already incorporate multi-trait selec-
tion, but can a complex array of genes be accommodated in a

tree breeding program? Through genomics it will be possible
to recombine specific genes with specific genotypes to pro-
duce desired ideotypes.

Besides rapid growth, idiotypes will possess attributes such
as pest resistance, cold hardiness and high wood density,
which insure attainment of high yields of wood with desired
characteristics. The more we specifically target a particular
forest product or growth environment the more refined
ideotypes will become. Regardless of our overall goal, specific
traits need to be identified and characterized at the gene and
genome level. As an example of what traits might be included
in a Pinus ideotype, we adapted and refined the Kärki and
Tigerstedt (1985) conifer ideotype for loblolly pine (Table 1).

This general purpose loblolly pine ideotype is relatively
simple, yet it includes the measurement of 22 component traits
for the assessment of 15 composite traits (Table 1). These
traits must be measured at specific times from the seedling or
somatic embryo culture stage through the base (or selection)
measurement age. At one end of the spectrum, assessment of a
trait such as plantable index (Table 1) is completed before the
material goes to the field and its phenotype is evaluated in the
laboratory. Other traits, such as pest resistance and cold toler-
ance, need to be assessed either as stress events occur or by
means of artificially imposed stress tests. In reality, the 22
component traits are themselves the manifestation of two or
more sub-component traits, many of which are expressed in
the field differentially over time and space and are often diffi-
cult to quantify. Sub-component traits and genes may act in
concert such that they appear pleiotrophic, or they may be neg-
atively correlated with each other or the component trait
(Bongarten 1986).

Most tree improvement programs measure only a few traits
(five or less) for objective (statistical) analysis, while using
several other traits for subjective grading when making final
selections. This incorporates the basic ideotype concept as the
breeder is selecting trees with specified attributes. However, if
we are to identify the genetic and physiological mechanisms
that fully define a refined ideotype, we must assess quantita-
tively the genome and the component traits in experiments de-
signed to develop predictive models for general use. The ulti-
mate objective is to know what genes control the component
traits and how they work together to control the composite
trait, which will enable breeders to manipulate the attributes
by selecting the best alleles for these genes.

Theoretically, component traits can be reduced to the prod-
ucts of the actions of single genes on single biochemical steps
and physiological processes. Short- to medium-term strategies
for what traits to reduce genomically should be driven by prac-
tical considerations about how to achieve the most rapid prog-
ress, while retaining flexibility for future improvement. If one
to a few genes are found to be strongly correlated to a compo-
nent trait, and if the relationship holds across environments, or
if the genotype × environment interaction is predictable, and if
the genes are known to control processes directly involved in
the component trait, then no further reduction is warranted.

Genotyping (determining the alleles of an individual) re-
quires only one sample of DNA per genotype, although alleles

1136 NELSON AND JOHNSEN

TREE PHYSIOLOGY VOLUME 28, 2008



will need to be determined for many loci. Phenotyping (assess-
ing trait values of an individual) requires temporal and spatial
sampling over periods of varying duration and over multiple
environments. Until recently, genomic technology has been
limited to applications such as marker-assisted selection and
breeding. However, in the near- and medium-term, quantita-
tively characterizing trait phenotypes will likely present the
greatest challenge and expense.

For example, net photosynthesis (Pn) does not appear to be a
promising sub-component trait (Martin et al. 2005) for ge-
nome analysis. Although Pn has been shown to be positively
related to growth (Ceulmans and Impens 1983, Johnsen and
Major 1995, Johnsen et al. 1999), more often than not signifi-

cant genetic variation has not been demonstrated (Ledig and
Perry 1967, Ottosen 1990, Samuelson et al. 1992, Cregg 1994,
Marshall et al. 2001, Yang et al. 2002). If significant genetic
variation in Pn exists, then it may only be expressed at specific
times of the year (Johnsen et al. 1996, Marshall et al. 2001) or
under specific environmental conditions (Major and Johnsen
1996), again requiring comprehensive sampling for informa-
tive and accurate phenotyping. Furthermore, we know that
photosynthetic rate is a function of stomatal behavior and
photochemistry of the light and dark reactions, and sub-com-
ponents of the photosynthetic apparatus in conifers are largely
paternally inherited (Major et al. 2007).

Carbon isotope discrimination (δ13C) provides a better tool
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Table 1. A proposed general purpose loblolly pine ideotype for use in varietal forestry near the cold and dry limits of the species’range. All compo-
nent traits are measured at selection age unless otherwise indicated.

Major attribute Minor attribute Composite trait Component trait(s)

Growth Rapid diameter and height growth Stem volume index = height × DBH2 Height; DBH2

Development Delayed reproductive maturity Maturation index = (1/age of Number of cones;
first cone) × number of cones Age of first cone

High somatic embryogenic Plantable index = number of embryos Number of embryos (or shoots);
(or rooting) potential (or shoots) × percent of embryos (or shoots) Percent of embryos (or shoots) that

that develop to plants develop to plants

Ecology Good winter hardiness Cold tolerance Spring height growth in an
abnormally cold winter

Good drought hardiness Water stress tolerance (maintenance Later summer growth after
of relative growth rate during stress; abnormally dry year (osmotic
Tschaplinski et al. 2006) adjustment)

Low competitiveness with Competition index Competition effect
other crop trees (Montagnon et al. 2001)

High nutrient use efficiency Stem to leaf ratio Stem biomass; Leaf biomass

Crown form Few, Small branches Branch index = number of branches Number of branches between
between 1.5 m and 3 m × mean 1.5 m and 3 m; Mean length of
volume index of branches in whorl branches in whirl closest to 1.5 m;
closest to 1.5 m Mean diameter2 of branches in

whorl closest to 1.5 m

Large branch angle Branch angle Mean branch angle of branches in
whorl closest to 1.5 m

Stem form Stem straightness, main stem Stem form index = degree lean × Number of degrees off 90o from
without defects number of defects ground to 3 m; Number of visible

defects from ground to top of tree

Low main-stem taper Stem taper index = diameter at 3 m/DBH Diameter at 3 m; DBH

Rapid diameter growth Stem shape index = DBH/height DBH; height

Wood quality High wood density Wood density index = wood density Whole core wood density
of whole core taken at 1.5 m

Rust resistance Low disease incidence Disease index = number of visible Number of visible galls over whole
galls × gall length of gall closest to 1.5 m tree, stem and branch; Length of

stem gall closest to 1.5 m

SPB resistance High resin yield Resin yield index = mean 24 h resin yield 24-h Resin yield per tap at 1.5 m
at 1.5 m



for estimating integrated photosynthetic rate and discerning
genetic variation in trees (Johnsen et al. 1999). However, its
use does not solve the difficulties associated with temporal and
spatial variation. In addition, genetic correlations between
δ13C and growth are non-significant among families, and in-
consistent and small within families of loblolly pine and slash
pine (Pinus elliottii Engelm. var. elliottii) (Emhart et al. 2007).

The biochemical pathways for lignin biosynthesis are well
understood (Peter and Neale 2004) and provide candidate
sub-component traits for genome-level analyses. Angio-
sperms and gymnosperms share one pathway to produce
guaiacyl (G) lignin, but angiosperms have an additional path-
way that leads to syringal (S) lignin. One of the fastest growing
of the original loblolly pine selections made by the North
Carolina State University–Industry Cooperative Tree Im-
provement Program was discovered to carry a rare mutant al-
lele (cad-n1) of the gene (cad ) that encodes cinnamyl alcohol
dehydrogenase (CAD) (MacKay et al. 1995, Gill et al. 2003,
Yu et al. 2005). Trees with cad-n1 have lower cad activity and
less CAD, and modified lignin composition partly because cad
expression is the final step in the G lignin transcriptional path-
way (MacKay et al. 1997, Ralph et al. 1997, Stasolla et al.
2003). Several studies report that cad-n1 heterozygotes have
lower lignin contents (MacKay et al. 1995), higher specific
gravities (Dimmel et al. 2002, Yu et al. 2005), better pulping
characteristics (Dimmel et al. 2002) and higher growth rates
(Wu et al. 1999, Yu et al. 2005). However, research has also
provided contrasting results for all these traits for trees of dif-
ferent ages, grown on different sites and from different full-sib
families (Dimmel et al. 2002, Yu et al. 2006). These studies in-
dicate that the cad-n1 mutation might be exploited in produc-
ing genotypes for pulp and biofuel production. The cumulative
effects of the other genes in these pathways and their regula-
tion and interaction must also be determined before ge-
nome-informed approaches can be applied to ideotype con-
struction and tree improvement.

Disease and insect resistances are candidate traits for inclu-
sion in genome research and incorporation into ideotypes for
two reasons. First, genotypes can be field tested in areas where
pest incidence is high, so phenotypic variation can be assessed
relatively easily. At least for some of the important diseases, ex
situ testing protocols have been developed that are accurate
and affordable. Second, our understanding of the genetics, and
in some cases the genomics of disease and insect resistance, is
advancing rapidly (Martin et al. 2003, Thompson and Goggin
2006). Resistance to fusiform rust (caused by Cronartium
quercuum (Berk.) Mayabe ex. Shirai f. sp. fusiforme) and pitch
canker (caused by Fusarium circinatum Nirenberg &
O’Donnell, formerly F. subglutinans f. sp. pini) diseases have
been studied extensively in both loblolly pine and slash pine.
Recent comparative studies have shown that these disease or-
ganisms have different strategies for invading and obtaining
resources from their pine hosts (Davis et al. 2004). The differ-
ing strategies have apparently led to different resistance mech-
anisms and have been studied at the gene expression level
(Morse et al. 2004).

For fusiform rust disease, a gene-for-gene system has

evolved in which specific resistance (R) genes in the host are
effective against specific avirulence (Avr) genes in the patho-
gen (Kinloch and Walkinshaw 1991, Nelson et al. 1993, Dou-
drick and Nelson 1994, Stelzer et al. 1999, Kubisiak et al.
2005). At least one R gene, Fr1, has been genetically mapped
(Wilcox et al. 1996), and several more are known and are be-
ing mapped (Henry Amerson, personal communication).
Proof of the corresponding Avr gene awaits genetic mapping,
but a segregating fungal population has been produced and a
mapping experiment is currently in progress (Kubisiak et al.
2007, Thomas Kubisiak, personal communication). A micro-
array-based gene expression study failed to identify candi-
dates for Fr1, but showed several genes that were differentially
regulated during disease (i.e., stem gall) development (My-
burg et al. 2006). Mapping R and Avr genes is feasible and
worthwhile, especially if the goal is to characterize the genes
at the nucleotide level and to use this information to develop
effective tools for tree improvement and better models for
understanding disease resistance.

Crown architecture (Trousdell et al. 1963, Stenberg et al.
1994, Maier et al. 2002, Emhart et al. 2007), including leaf
area, leaf distribution, branch length and other branch charac-
teristics will likely be important sub-components of loblolly
pine ideotypes, particularly when combined with process
models that estimate total radiation interception (Emhart et al.
2007). However, simpler and standardized digital-based pro-
tocols need to be developed for measuring crown architecture
traits. Measuring carbon allocation and carbon partition is te-
dious work, but as in crop plants, these processes will likely
provide important sub-component traits (Cooke et al. 2003,
Johnsen et al. 2004, 2007, Palenchar et al. 2004, Wullschleger
et al. 2005).

Phenotypic characterization of drought and cold tolerance
(Burr et al. 1990) requires high temporal and spatial sampling
as well as opportune timing in observing sufficient genetic
variation when families or clones are being field tested. It is
important to identify the existence and magnitude of negative
genetic correlations involving these traits. For example, is
spring cold hardiness reduced if increased growth is attained
through earlier bud break and shoot extension? In field tests,
environmental conditions need to be monitored to assess when
genetic variation is expressed in growth or survival responses
during large, integrated physiological genetic experiments,
and to examine critically elite genotypes before they are de-
ployed commercially. If negative correlations are understood,
deployment strategies can be modified to reduce risk.

Combining genomic with trait-specific ideotypic analyses
will allow us to begin to develop an in silico or virtual tree. Can
a process model be developed that simulates a tree’s character-
istics at some point in time under some environmental condi-
tion based only on the alleles it contains? This high level of
reductionism may be necessary for adequate prediction al-
though its tractability remains questionable. In this scenario,
genes that affect the component or subcomponent traits must
first be identified. Then the effects of the alleles for these genes
and their interactions must be quantified.

Consider the possibilities if each trait is controlled by only
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two genes and there are only three relevant alleles in the popu-
lation, all with additive effects, and the epistatic interactions
are all additive and confined to only pairs of genes. For the 22
component traits that affect the ideotype there are about 44
main effects (i.e., genes) each with three factors (i.e., alleles)
and up to 946 interactions between pairs of genes. Parame-
terizing such a model is difficult, so we suggest taking one trait
at a time, although alternative approaches should be consid-
ered (e.g., Meuwissen et al. 2001). First, determine the genes
and the effects of the relevant alleles for Trait 1. Then, consider
Trait 2 and determine the relevant alleles and also consider
what effect the genes we associated with Trait 1 have on Trait
2. This process is continued for all 22 traits. Now we have a list
of genes, their effect on each trait and the allele values for each
gene on each trait. To validate, we could then take 10 random
trees from the same population and genotype them for these
genes. We could use information about the effects of these
genes and alleles to predict the performance of each trait in
each of the 10 trees. Finally, we could grow the 10 trees in the
same environment and measure the traits and compare these
data to our predictions to evaluate our success.

A way to approach this problem at this level of reduction is
by association mapping using either candidate genes or a ge-
nome scan (for a recent review of these and other related meth-
ods see Vasemagi and Primmer 2005; see also Glazier et al.
2002, Rafalski 2002, Neale and Savolainen 2004, Hirschorn
and Daly 2005). In the former, candidate genes for each trait
are identified by some means (e.g., Pflieger et al. 2001, Tabor
et al. 2002, Brown et al. 2003) and then allelic variants of the
genes are found that act as allele-specific markers for the
genes. The allele-specific markers are then tested for their ef-
fects on the trait in a large randomly mated population. For a
genome scan, markers for densely mapped positions in the ge-
nome are developed and then tested for their statistical associ-
ation with phenotypes. Alternatively, for well-studied organ-
isms, one might consider using allele-specific markers for all
(or a large proportion) of the genes in the genome. Either ap-
proach to genome scanning relies on linkage disequilibrium
(LD) between the marker alleles and the alleles causing the
variation. A large number of markers is required for most for-
est trees (highly heterozygous, outbreeding organisms) be-
cause LD is assumed and has been found in some cases to exist
over fairly short distances (Brown et al. 2004, Krutovsky and
Neale 2005). However, it is now becoming clear that, in the
near future, genome-level information will afford the opportu-
nity to conduct powerful candidate gene or genome scan ex-
periments (Lander 1996, Tabor et al. 2002, Hirschorn and
Daly 2005).

In this example, we envision a randomly mated population
consisting of 1000 clones, replicated 10 times on each of 10
sites, genotyped for 10,000 candidate genes or mapped posi-
tions in the genome and phenotyped for these 22 traits. For
each trait we would need to find the genes or genomic regions
that influence phenotype and determine the value of each al-
lele of these genes. We could then assess a much larger sample
of trees, say 10,000 individuals from the same population, for
the diagnostic genes, developing predictions for how these in-

dividuals would perform as clones. The goal would be to find
rare individuals that are candidate clones for possessing all the
positive attributes of our ideotype. Different individuals will
likely contain combinations of genes suited for different uses
(e.g., dimension lumber versus biofuel feedstock). Further
breeding and selection could better refine the ideotypes
destined for different uses.

A lesser level of reductionism might be useful for prediction
and might be more tractable, especially for species for which
less genome information is available or there is less potential
for clonal propagation and testing. Here we suggest tracking
larger genomic regions for their effect on the simple traits in-
cluded in the ideotype. This is likely only possible within a
family structured population, which is often available for spe-
cies undergoing some degree of genetic improvement. The
family structure provides large genomic regions of high LD,
and a marker or markers specific for a given region descending
from a particular ancestor can be assessed for their effect on
traits much the same way as for candidate genes or more
closely spaced markers. The key in this scenario is to know
what ancestor the genome region descended from and which
homolog (or allele) is being dealt with in any descendent. With
this information in hand, the same types of analyses can be
performed as for candidate gene or genome scan experiments.
Particular alleles of ancestral parents are then used to identify
trees with all positive attributes of the ideotype and validated
by testing. Repeating this type of selection within a fam-
ily-structured population in successive generations without in-
tervening phenotypic evaluations is the essence of a form of
marker-assisted breeding that is currently under development
(Nelson and Echt 2004), and which should allow for a signifi-
cant practical extension of marker-assisted selection.

A variation of the above approaches adds genome-wide
gene expression information to the analyses. These analyses
have been identified as expression QTL (e-QTL) studies in
which the expression of each gene (i.e., RNA transcript level
or expression phenotype) is quantitatively assessed in various
tissues and environments (e.g., Cheung and Spielman 2002,
Wayne and McIntyre 2002, Morley et al. 2004) and related to
phenotypes of simple or even more complex traits in the same
environments (Kirst et al. 2004). This approach promises to be
a particularly powerful tool for identifying candidate genes
whose expression is correlated to phenotype. Kirst et al. (2004)
applied the approach to an interspecies Eucalyptus backcross
family of 91 individuals that were clonally replicated and eval-
uated for stem diameter and lignin content and quality
20 months after planting. Transcript variation in about 2000
genes (2608 cDNAs) was assayed and 26 genes were found to
be highly significantly correlated with stem diameter. Varia-
tion in one transcript (representing Cald5H also known as
F5H) explained 38% of the trait variation. The expression of
these genes was negatively correlated with stem growth and
most of the genes are involved in the lignin biosynthesis path-
way (consistent with results from transgenic work in poplar,
e.g., Hu et al. 1999, Li et al. 2003). Furthermore, the amount
and type of lignin found in the test trees were, as expected,
based on the observed expression data and the known lignin
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biosynthetic pathway.
Transcript levels of several genes have proved useful in pre-

dicting phenotypes. Many of these genes were co-regulated
and their regulators (i.e., presumably transcription factors)
mapped to different and distinct positions in the genome (Kirst
et al. 2004). Two positions previously found to be growth QTL
(Myburg et al. 2003) were co-located with the e-QTL, indicat-
ing that trans-acting factors affect the expression of these
genes. In addition, the expression levels were more predictive
than the allelic state of these QTL, which seems to follow as
expression is a quantitative measure and alleles are categorical
representations. The quantitative data contain more informa-
tion because they integrate information from other interacting
genes and thus can be powerful predictors. The question from
a tree improvement perspective is whether there are meaning-
ful amounts of genetic variation at these loci within the breed-
ing populations. That is the case within the studied inter-
species backcross family, but what about in intraspecies breed-
ing populations? Here we have candidate genes, but we need to
assess their allelic diversity and effects on trait value in partic-
ular populations. This can be done with the type of experiment
described above, where the candidate genes are assessed and
allelic differences are quantified. Once we know the DNA se-
quence variants that correlate to gene expression variation that
correlate to trait variation, marker-assisted selection and
breeding become possible.

Epistasis, the interaction of two genes in the expression of a
single trait (discussed above), requires attention and study
(Carlborg and Haley 2004), but what about pleiotrophy, where
genes affect more than one trait leading to genetic correlation?
Genetic correlation can also result when alleles of correlated
genes cause correlation between the traits they control. In the
case of pleiotrophy, we can think of genes that affect both
height and diameter growth. Through allometry, the traits are
positively genetically correlated. The alleles that promote
faster height growth do more or less the same for diameter
growth. However, a subset of the population may contain al-
leles of genes that cause average height growth and above av-
erage diameter growth. Such a population may not be opti-
mally fit in the natural environment, but it may produce the
best trees for use in plantations designed to maximize stem
biomass yield because yield is a function of diameter to the
second power, but of height only to the first. In the context of
varietal forestry, such individuals could be selected and
clonally propagated for direct gains. Selection for trait combi-
nations that are useful only in artificially manipulated environ-
ments such as intensively managed biomass plantations is the
essence of domestication.

In the case of epistasis, we can consider wood density and
diameter growth. These traits tend to be negatively genetically
correlated, presumably because faster growing trees produce
lower density wood. However, faster growing trees may also
need stronger wood, and density will probably contribute to
strength along with other traits such as microfibril angle. Some
portion of the population may possess combinations of alleles
for higher wood density and more rapid diameter growth.
Again, such trees would typically not be the fittest individuals

in natural environments but in intensively managed planta-
tions they may combine the highest stem volume yield with the
greatest stem mass.

With a better understanding of the genes and alleles in-
volved in controlling important traits, we may be able to iden-
tify and utilize naturally occurring variation in a way that
markedly increases the output of desired products. Clearly, the
number of traits and genes that create a phenotype is large, so
similar observed phenotypes can be the result of different
combinations of traits. This is likely desirable because combi-
nations of elite varieties either planted together or across a
landscape will help buffer the entire system from major losses
caused by severe biotic and abiotic stressors.

Finally we may be at the stage where genomic information
on specific traits begins to affect and improve our efforts to
model the processes of tree growth and development. The in
silico or virtual tree demands a process model that accurately
predicts how the tree responds to any specific genetic manipu-
lation or environmental perturbation. Thus, if we select and
clone a tree with a particular set of alleles we should be able to
simulate the growth and development of this tree and compare
it to a randomly selected tree from the same base population.
This would be excellent news for tree breeders and genetic en-
gineers because they could then target specific genes and al-
leles for a desired outcome or the same outcome in a different
environmental condition. We suggest that the proper integra-
tion of genome science, tree genetics and physiology, and sys-
tems biology will lead to the development of useful virtual tree
models that can be used to guide genetic improvement and
silvicultural prescriptions.

Genetic modification

Although not an emphasis of this paper, the potential for ge-
netic engineering to contribute to developing ideotypes cannot
be ignored. Additional enhancements to selected varieties
through genetic engineering have been achieved in many
plants including some forest trees (e.g., Halpin et al. 1994, Hu
et al. 1999) and can soon be generally contemplated (Boerjan
2005). Process models that are gene specific would clearly
point to various alternatives for modifying traits that constitute
desired ideotypes. These modifications must then be evaluated
under real forest conditions to determine their efficacy and
provide important information for improving the models. Iter-
ative research programs will develop useful, new varieties and
increase our basic understanding of the underlying physiologi-
cal processes, which will lead to improved process models for
further use in forest biology.

While many potential benefits can be envisioned and have
been described for genetic engineering in forest trees (Boerjan
2005), there are also risks and these must be thoroughly evalu-
ated. These risks can be placed into two general categories: (1)
risks to plantations of genetically engineered trees; and (2)
risks associated with the migration of transgenes (i.e., gene
flow) into neighboring environments. The first type of risk oc-
curs even if transgenes do not migrate. The second type of risk
entails transgenes migrating and either reducing or increasing
the fitness of trees in the recipient populations.
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Transgenes are packaged in genotypes that combine to pro-
duce phenotypes that the environments acts on. For low or
modified lignin genes, the trees could be affected by unusual
environmental occurrences (i.e., unusual wind or ice events),
or soil microbes could be affected by the introduction of a
modified food source in the form of decaying wood and root
systems (Pilate et al. 2002, Talukder 2006). For disease or in-
sect resistance genes, the trees could be affected by reductions
in growth rate or the pest populations could be changed as they
necessarily adapt to the new resistance gene. Furthermore, the
potential for these genes to migrate into the same or related
species by gene flow (i.e., pollen or seed movement) must also
be evaluated (Valenzuela and Strauss 2005, Williams 2005).
When the potential for gene flow exists, the possible effects of
the transgene in new environments and genetic backgrounds
must be considered. What is the likelihood that the transgene
will persist in the non-target populations and environments
and at what frequencies, and given this, what will be the effect
on the recipient population and ecosystem? These questions
must be carefully considered. Finally, we agree with Talukder
(2006) that both the benefits and the risks of transgenic options
should be transparently discussed and researched so that hon-
est and informed assessments of the value of the product can
be made by all stake holders.

Conclusions

Genomic research into the physiological processes of forest
tree growth and development promises to provide new insights
for process modeling and genetic improvement. Discovering
the “parts list” provided by the genome and learning how the
parts work together in the various processes under relevant en-
vironmental conditions is critically important to our ability to
develop domesticated forest trees for high productivity in sus-
tainable systems. In addition, this understanding will facilitate
improvements in process models that will further our ability to
manage and sustain highly productive stands of forest trees.
Effective process models will enable tree breeders and genetic
engineers to better define the ideotypes for specific combina-
tions of environment and product end use. Genetic engineer-
ing provides many opportunities to enhance tree improvement
and forest management, so we appeal to all parties to respect
each other’s concerns, commit to discussing the science
openly and honestly, and allow the research to proceed for the
benefit of society as a whole.

Acknowledgments

We thank Dr. Craig Echt and Dr. Chris Maier for several useful in-
sights provided during the development of this manuscript.

References

Al-Rabab’ah, M.A. and C.G. Williams. 2002. Population dynamics of
Pinus taeda L. based on nuclear microsatellites. For. Ecol. Manage.
163:263–271.

Al-Rabab’ah, M.A. and C.G. Williams. 2004. An ancient bottleneck
in the Lost Pines of central Texas. Mol. Ecol. 13:1075–1084.

Boerjan, W. 2005. Biotechnology and the domestication of forest
trees. Curr. Opin. Biotechnol. 16:159–166.

Bongarten, B. 1986. Relationships between shoot length and shoot
length components in Douglas-fir and blue spruce. Can. J. For. Res.
16:373–380.

Bradshaw, H.D. and R.F. Stettler. 1995. Molecular genetics of growth
and development in Populus. IV. Mapping QTLs with large effects
on growth, form, and phenology traits in a forest tree. Genetics
139:963–973.

Brown, G.R., D.L. Bassoni, G.P. Gill et al. 2003. Identification of
quantitative trait loci influencing wood property traits in loblolly
pine (Pinus taeda L.). III. QTL verification and candidate gene
mapping. Genetics 164:1537–1546.

Brown, G.R., G.P. Gill, R.J. Kuntz, C.H. Langley and D.B. Neale.
2004. Nucleotide diversity and linkage disequilibrium in loblolly
pine. Proc. Natl. Acad. Sci. USA 101:15,255–15,260.

Burr, K.E., R.W. Tinus, S.J. Wallner and R.M. King. 1990. Compari-
son of three cold hardiness tests for conifer seedlings. Tree Physiol.
6:351–369.

Carlborg, O. and C.S. Haley. 2004. Epistasis: too often neglected in
complex trait studies? Nat. Rev. Genet. 5:618–625.

Ceulemans, R. and I. Impens. 1983. Net CO2 exchange rate and shoot
growth of young poplar (Populus) clones. J. Exp. Bot. 34:866–870.

Cheung, V.G. and R.S. Spielman. 2002. The genetics of variation in
gene expression. Nat. Genet. 32:522–525.

Chory, J.J., R. Ecker, S. Briggs et al. 2000. The “2010” Project. Plant
Physiol. 123:423–426.

Cooke, J.E.K., K.A. Brown, R. Wu and J.M. Davis. 2003. Gene ex-
pression associated with N-induced shifts in resource allocation in
poplar. Plant Cell Environ. 26:757–770.

Cregg, B.M. 1994. Carbon allocation, gas exchange and needle mor-
phology of Pinus ponderosa genotypes known to differ in growth
and survival under imposed drought. Tree Physiol. 14:883–898.

Davis, J.M., A.M. Morse, D.A. Huber, C.D. Nelson and S.F. Covert.
2004. Genetic architecture of loblolly pine interactions with con-
trasting pathogens. Phytopathology 94:S133.

Dickmann, D.I. and D.E. Keathley. 1996. Linking physiology, molec-
ular genetics, and the Populus ideotype. In Biology of Populus and
Its Implications for Management and Conservation. Ed. R.F. Stett-
ler. Nat. Resources Counc. Can. Res. Press, Ottawa, ON, Canada,
pp 491–514.

Dimmel, D.R., J.J. MacKay, C.E. Courchene, J.F. Kadla. J.T. Scott,
D.M. O’Malley and S.E. McKeand. 2002. Pulping and beaching of
partially CAD-deficient wood. J. Wood Chem. Technol. 22:
235–248.

Doudrick, R.L. and C.D. Nelson. 1994. Complementary genetic inter-
action in fusiform rust disease and identification of markers linked
to genes for specificity in Cronartium quercuum f. sp. fusiforme.
Phytopathology 84:1147.

Emhart, V.I., T.A. Martin, T.L. White and D.A. Huber. 2007. Clonal
variation in crown structure, absorbed photosynthetically active ra-
diation and growth of loblolly pine and slash pine. Tree Physiol.
27:421–430.

Frewen, B.E., T.H.H. Chen, G.T. Howe, J. Davis, A. Rohde, W. Boer-
jan and H.D. Bradshaw. 2000. Quantitative trait loci and candidate
gene mapping of bud set and bud flush in Populus. Genetics
154:837–845.

Gill, G.P., G.R. Brown and D.B. Neale. 2003. A sequence mutation in
the cinnamyl alcohol dehydrogenase gene associated with altered
lignification in loblolly pine. Plant. Biotechnol. J. 1:253–258.

Glazier, A.M., J.H. Nadeau and T.J. Aitman. 2002. Finding genes that
underlie complex traits. Science 298:2345–2349.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

GENOMICS AND PHYSIOLOGY IN TREE IMPROVEMENT 1141



Grattapaglia, D., F.L.G. Bertolucci, R. Penchel and R.R. Sederoff.
1996. Genetic mapping of quantitative trait loci controlling growth
and wood quality traits in Eucalyptus grandis using a half-sib fam-
ily and RAPD markers. Genetics 144:1205–1214.

Halpin, C., M.E. Knight, G.A. Foxon, M.M. Campbell, A.M. Boudet,
J.J. Boon, B. Chabbert, M.-T. Tollier and W. Schuch. 1994. Manip-
ulation of lignin quality by downregulation of cinnamyl alcohol
dehydrogenase. Plant J. 6:339–350.

Hirschorn, J.N. and M.J. Daly. 2005. Genome-wide association stud-
ies for common disease and complex traits. Nat. Rev. Genet.
6:95–108.

Hu, W.-J., S.A. Harding, J. Lung, J.L. Popko, J. Ralph, D.D. Stokke,
C.-J. Tsai and V.L. Chiang. 1999. Repression of lignin biosynthesis
promotes cellulose accumulation and growth in transgenic trees.
Nat. Biotechnol. 17:808–812.

Johnsen, K.H. and J.E. Major. 1995. Gas exchange of 20-year-old
black spruce families displaying a genetic × environmental interac-
tion in growth rate. Can. J. For. Res. 25:430–439.

Johnsen, K.H., J.R. Seiler and J.E. Major. 1996. Growth, shoot
phenology and physiology of diverse seed sources of black spruce:
II. 24-year-old trees. Tree Physiol. 16:375–380.

Johnsen, K.H., L.B. Flanagan, D.A. Huber and J.E. Major. 1999. Ge-
netic variation in growth and carbon isotope discrimination in
Picea mariana: analyses from a half-diallel mating design using
field grown trees. Can. J. For. Res. 29:1727–1735.

Johnsen, K.H., R. Teskey, L. Samuelson, J. Butnor, C. Maier,
D. Sampson and S. McKeand. 2004. Carbon sequestration in
loblolly pine plantations: methods, limitations and research needs
for estimating storage pools. In Southern Forest Science: Past,
Present, and Future. Eds. M.H.M. Rauscher and K.H. Johnsen.
Gen. Tech. Rep. SRS-75, U.S. For. Serv., Southern Res. Stn.,
Asheville, NC, pp 373–381.

Johnsen, K.H., C. Maier, F. Sanchez, P. Anderson, J. Butnor, R.War-
ing and S. Linder. 2007. Physiological girdling of pine trees via
phloem chilling: proof of concept. Plant Cell Environ. 30:128–134.

Kärki, L. and P.M.A. Tigerstedt. 1985. Definition and exploitation of
forest tree ideotypes in Finland. In Attributes of Trees as Crop
Plants. Eds. M.G.R. Cannell and J.E. Jackson. Inst. Terrest. Ecol.,
Huntington, U.K., pp 102–109.

Kaya, Z., M.M. Sewell and D.B. Neale. 1999. Identification of quan-
titative trait loci influencing annual height- and diameter-increment
growth in loblolly pine (Pinus taeda L.). Theor. Appl. Genet. 98:
586–592.

Kinloch, B.B. and C.H. Walkinshaw. 1991. Resistance to fusiform
rust in southern pines: how is it inherited? In Rusts of Pine. Proc.
IUFRO Rusts of Pine Working Party Conference. Eds. Y. Hira-
tsuka, J.K., Samoil, P.V. Blenis, P.E. Crane and B.L. Laishley. For-
estry Can. Northw. Reg. Infor. Rep. NOR-X-317, pp 219–228.

Kirst, M., A.A. Myburg, J.P.G. De Leon, M.E. Kirst, J. Scott and
R. Sederoff. 2004. Coordinated genetic regulation of growth and
lignin revealed by quantitative trait locus analysis of cDNA micro-
array data in an interspecific backcross of Eucalyptus. Plant
Physiol. 135:2368–2378.

Krutovsky, K.V. and D.B. Neale. 2005. Nucleotide diversity and link-
age disequilibrium in cold-hardiness- and wood quality-related
candidate genes in Douglas-fir. Genetics 171:2029–2041.

Kubisiak, T.L., C.D. Nelson, J. Nowak and A.L. Friend. 1999. Ge-
netic linkage mapping of genomic regions conferring tolerance to
high aluminum in slash pine. J. Sustain. For. 10:69–85.

Kubisiak, T.L., H.V. Amerson and C.D. Nelson. 2005. Genetic inter-
action of the fusiform rust fungus with resistance gene Fr1 in
loblolly pine. Phytopathology 95:376–380.

Kubisiak, T.L., H.V. Amerson and C.D. Nelson. 2008. Genetic and
genomic resources for the fusiform rust fungus: work towards de-
veloping a disease management strategy. Proc. Third IUFRO Rusts
of Forest Trees Working Party Conference, Kings Beach, CA. In
press.

Lander, E.S. 1996. The new genomics: global views of biology. Sci-
ence 274:536-539.

Ledig, F.T. and T.O. Perry. 1967. Net assimilation rate and growth in
loblolly pine seedlings. For. Sci. 15:431–438.

Li, L., Y.H. Zhou, X.F. Cheng, J.Y. Sun, J.M. Marita, J. Ralph and
V.L. Chiang. 2003. Combinatorial modification of multiple lignin
traits in trees through multigene cotransformation. Proc. Natl.
Acad. Sci. USA 100:4939–4944.

MacKay, J.J., W. Liu, R. Whetton and R.R. Sederoff. 1995. Genetic
analysis of cinnamyl alcohol dehydrogenase in loblolly pine: single
gene inheritance, molecular characterization and evolution. Mol.
Gen. Genet. 247:537–545.

MacKay, J.J., D.M. O’Malley, T. Presnell, F.L. Booker, M.M. Camp-
bell, R.W. Whetten and R.R. Sederoff. 1997. Inheritance, gene ex-
pression, and lignin characterization in a mutant pine deficient in
cinnamyl alcohol dehydrogenase. Proc. Natl. Acad. Sci. USA 94:
8255–8260.

Maier, C.A., K.H. Johnsen, J. Butnor, L. Kress and P. Anderson.
2002. Effects of nutrients and CO2 amendments on branch growth,
phenology and gas exchange in 13-year-old loblolly pine (Pinus
taeda) trees. Tree Physiol. 22:1093–1106.

Major, J.E. and K.H. Johnsen. 1996. Family variation in photosynthe-
sis of 22-year-old black spruce: a test of two models of physiologi-
cal response to water stress. Can. J. For. Res. 26:1922–1933.

Major, J.E., D.C. Barsi, A. Mosseler, O. Rajora and M. Campbell.
2007. Predominant paternal inheritance pattern of light-energy pro-
cessing adaptive traits in red and black spruce hybrids. Can. J. For.
Res. 37:293–305.

Marshall, J.D., G. Rehfeldt and R.A. Monserud. 2001. Family differ-
ences in height growth and photosynthetic traits in three conifers.
Tree Physiol. 21:727–734.

Martin, T.A., K.H. Johnsen and T.L. White. 2001. Ideotype develop-
ment in southern pines: rationale and strategies for overcoming
scale-related obstacles. For. Sci. 47:21–28.

Martin, G.B., A.J. Bogdanove and G. Sessa. 2003. Understanding the
functions of plant disease resistance proteins. Annu. Rev. Plant
Biol. 54:23–61.

Martin, T.A., P.M. Dougherty, M.A. Topa and S.E. McKeand. 2005.
Strategies and case studies for incorporating ecophysiology into
southern pine tree improvement programs. South. J. Appl. For.
29:70–79.

Meuwissen, T.H.E., B.J. Hayes and M.E. Goddard. 2001. Prediction
of total genetic value using genome-wide dense marker maps. Ge-
netics 157:1819–1829.

Minorsky, P.V. 2003. Achieving the in silico plant. Systems biology
and the future of plant biological research. Plant Physiol. 132:
404–409

Montagnon, C., A. Flori and C. Cilas. 2001. A new method to assess
competition in coffee clonal trials with single-tree plots in Côte
d’Ivoire. Agron. J. 93:227–231.

Morley, M., C.M. Molony, T.M. Weber, J.L. Devlin, K.G. Ewens,
R.S. Spielman and V.G. Cheung. 2004. Genetic analysis of genome
wide variation in human gene expression. Nature 430:743–747.

Morse, A.M, C.D. Nelson, S.F. Covert, K.E. Smith and J.M. Davis.
2004. Pine genes regulated by the necrotrophic pathogen,
Fusarium circinatum. Theor. Appl. Genet. 109:922–932.

Mosseler, A., J.E. Major and O.P. Rajora. 2003. Old-growth red
spruce forests as reservoirs of genetic diversity and reproductive
fitness. Theor. Appl. Genet. 106:931–937.

1142 NELSON AND JOHNSEN

TREE PHYSIOLOGY VOLUME 28, 2008



Myburg, A.A., A.R. Griffin, R.R. Sederoff and R.W. Whetten. 2003.
Comparative genetic linkage maps of Eucalyptus grandis, Euca-
lyptus globulus and their F1 hybrid based on a double pseudo-
testcross mapping method. Theor. Appl. Genet. 107:1028–1042.

Myburg, H., A.M. Morse, H.V. Amerson et al. 2006. Differential
gene expression in loblolly pine (Pinus taeda L.) challenged with
the fusiform rust fungus, Cronartium quercuum f. sp. fusiforme.
Physiol. Mol. Plant Pathol. 69:79–101.

Neale, D.B. and O. Savolainen. 2004. Association genetics of com-
plex traits in conifers. Trends Plant Sci. 9:325–330.

Nelson, C.D. and C.S. Echt. 2004. Marker-directed population im-
provement. Proc. IUFRO Joint Conference on Forest Genetics (Di-
vision 2), Charleston, SC, 255 p.

Nelson, C.D., R.L. Doudrick, W.L. Nance, J.M. Hamaker and
B. Capo. 1993. Specificity of host:pathogen genetic interaction for
fusiform rust disease on slash pine. Proc. 22nd Southern Forest
Tree Improvement Conference, Atlanta, GA, pp 403–410.

Ottosen, C.-O. 1990. Growth versus net photosynthesis in clones of
Ficus benjamina. Hort. Sci. 25:956–957.

Palenchar, P.M., A. Kouranov, L.V. Lejay and G.M. Coruzzi. 2004.
Genome-wide patterns of carbon and nitrogen regulation of gene
expression validate the combined carbon and nitrogen (CN)-sig-
naling hypothesis in plants. Genome Biol. 5:R91.

Peter, G. and D. Neale. 2004. Molecular basis for the evolution of xy-
lem lignification. Curr. Opin. Plant. Biol. 7:737–742.

Pflieger, S., V. Lefebvre and M. Causse. 2001. The candidate gene ap-
proach in plant genetics: a review. Mol. Breed. 7:275–291.

Pilate, G., E. Guiney, K. Holt et al. 2002. Field and pulping perfor-
mances of transgenic trees with altered lignification. Nat.
Biotechnol. 20:607–612.

Rafalski, A.J. 2002. Novel genetic mapping tools in plants: SNPs and
LD-based approaches. Plant Sci. 162:329–333.

Ralph, J., J.J. MacKay, R.D. Hatfield, D.M. O’Malley, R.W. Whetton
and R.R. Sederoff. 1997. Abnormal lignin in a loblolly pine mu-
tant. Science 277:235–239.

Samuelson, L.J., J.R. Seiler and P.P. Feret. 1992. Gas exchange and
canopy structure of 9-year-old loblolly pine, pitch pine and pitch ×
loblolly hybrids. Trees 6:28–31.

Schmidtling, R.C., C.E. Carroll and T. LaFarge. 1999. Allozyme di-
versity of selected and natural loblolly pine populations. Silvae
Genet. 48:35–45.

Sewell, M.M., D.L. Bassoni, R.A. Megraw, N.C. Wheeler and
D.B. Neale. 2000. Identification of QTLs influencing wood prop-
erty traits in loblolly pine (Pinus taeda L.). I. Physical wood prop-
erties. Theor. Appl. Genet. 101:1273–1281.

Sewell, M.M., M.F. Davis, G.A. Tuskan, N.C. Wheeler, C.C. Elam,
D.L. Bassoni and D.B. Neale. 2002. Identification of QTLs influ-
encing wood property traits in loblolly pine (Pinus taeda L.). II.
Chemical wood properties. Theor. Appl. Genet. 104:214–222.

Stasolla, C., J. Scott, U. Egertsdotter, J. Kadla, D.M. O’Malley,
R. Sederoff and L.M. van Zyl. 2003. Analysis of lignin produced
by cinnamyl alcohol dehydrogenase-defficeint Pinus taeda cul-
tured cells. Plant Physiol. Biochem. 41:439–445.

Stelzer, H.E., R.L. Doudrick, T.L. Kubisiak and C.D. Nelson. 1999.
Prescreening slash pine and Cronartium pedigrees for evaluation of
complementary gene action in fusiform rust disease. Plant Dis.
83:385–389.

Stenberg, P., T. Kuuluvainen, S. Kellomaki, E.J. Grace, E. Jokela and
H.L. Gholz. 1994. Crown structure, light interception and produc-
tivity of pine trees and stands. Ecol. Bull. 43:20–34.

Tabor, H.K., N.J. Risch and R.M. Myers. 2002. Candidate gene ap-
proaches for studying complex genetic traits: practical consider-
ations. Nat. Rev. Genet. 3:391–396.

Talukder, K. 2006. Low-lignin wood—a case study. Nat. Biotechnol.
24:395–396.

Thompson, G.A. and F.L. Goggin. 2006. Transcriptomics and func-
tional genomics of plant defence induction by phloem-feeding in-
sects. J. Exp. Bot. 57:755–766.

Trousdell, K.B., K.W. Dorman and A.E. Squillace. 1963. Inheritance
of branch length in young loblolly pine progeny. U.S. Forest Ser-
vice, Southeast. For. Exp. Stn., Res. Note SE-1, Asheville, NC, 2 p.

Tschaplinski, T.J., G.A. Tuskan, M.M. Sewell, G.M. Gebre,
D.E. Todd and C.D. Pendley. 2006. Phenotypic variation and quan-
titative trait locus identification for osmotic potential in an inter-
specific hybrid inbred F2 poplar pedigree grown in contrasting
environments. Tree Physiol. 26:595–604.

Tuskan, G.A., S. DiFazio, S. Jansson et al. 2006. The genome of west-
ern black cottonwood, Populus trichocarpa (Torr. & Gray ex
Brayshaw). Science 313:1596–1604.

Valenzuela, S. and S.H. Strauss. 2005. Lost in the woods. Nat.
Biotechnol. 23:532–533.

Vasemagi, A. and C.R. Primmer. 2005. Challenges for identifying im-
portant genetic variation: the promise of combining complemen-
tary research strategies. Mol. Ecol. 14:3623–3642.

Wayne, M.L. and L.M. McIntyre. 2002. Combining mapping and ar-
raying: an approach to candidate gene identification. Proc. Natl.
Acad. Sci. USA 99:14,903–14,906.

Weng, C., T.L. Kubisiak, C.D. Nelson and M. Stine. 2002. Mapping
quantitative trait loci controlling early height growth in a (longleaf
pine × slash pine) × slash pine BC1 family. Theor. Appl. Genet.
104:852–859.

Wilcox, P.L., H.V. Amerson, E.G. Kuhlman, B.-H. Lui, D.M. O’Mal-
ley and R.R. Sederoff. 1996. Detection of a major gene for resis-
tance to fusiform rust disease in loblolly pine by genomic mapping.
Proc. Natl. Acad. Sci. USA 93:3859–3864.

Williams, C.G. 2005. Framing the issues on transgenic forests. Nat.
Biotechnol. 23:530–532.

Wu, R.L. 1998. Genetic mapping of QTLs affecting tree growth and
architecture in Populus: implication for ideotype breeding. Theor.
Appl. Genet. 96:447–457.

Wu, R.L., D.L. Remington, J.J. MacKay, S.E. McKeand and
D.M. O’Malley. 1999. Average effect of a mutation in lignin
biosynthesis in loblolly pine. Theor. Appl. Genet. 99:705–710.

Wullschleger, S.D., T.M. Yin, S.P. DiFazio, T.J. Tschaplinski,
L.E. Gunter, M.F. Davis and G.A. Tuskan. 2005. Phenotypic varia-
tion in growth and biomass distribution for two advanced-genera-
tion pedigrees of hybrid poplar. Can. J. For. Res. 35:1779–1789.

Yang, W.Q., R. Murthy, P. King and M.A. Topa. 2002. Diurnal
changes in gas exchange and carbon partitioning in needles of fast-
and slow-growing families of loblolly pine (Pinus taeda). Tree
Physiol. 22:489–498.

Yu, Q., S.E. McKeand, C.D. Nelson, B. Li, J.R. Sherrill and
T.J. Mullin. 2005. Differences in wood density and growth of fertil-
ized and nonfertilized loblolly pine associated with a mutant gene,
cad-n1. Can. J. For. Res. 35:1723–1730.

Yu, Q., B. Li, C.D. Nelson, S.E. McKeand, V.B. Batista and
T.J. Mullin. 2006. Association of the cad-n1 allele with increased
stem growth and wood density in full-sib families of loblolly pine.
Tree Genet. Genomes 2:98–108.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

GENOMICS AND PHYSIOLOGY IN TREE IMPROVEMENT 1143


