Comparative and Evolutionary Genomics
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Abstract Comparative and evolutionary genomic approaches can identify genes
regulating biological processes, and describe how those genes have been modified
through speciation to produce phenotypic variation. These approaches have the
potential to address fundamental issues of forest biology, including the regulation of
biological traits important to industry and conservation, but have not been widely
applied because of technical limitations. Here, we argue that powerful “next genera-
tion” DNA sequencing technologies now make comparative and evolutionary
genomic approaches not only tractable for basic biological research in trees, but
also have the potential to be more informative and cost effective than traditional,
one-species-at-a-time approaches. However, designing effective comparative stud-
ies for forest trees requires careful consideration of the evolutionary relationships of
tree species and biological traits important to forest biology.

This chapter first provides an introduction to comparative and evolutionary
genomics, followed by a brief review of some of the general features of the evolu-
tion and diversification of forest tree species. Next, two biological processes are
discussed that are fundamental to forest trees: wood formation and perennial growth.
We examine the varied evolutionary histories of these biological processes, and how
these histories relate to the comparative genomic approaches used to research the
genes and mechanisms underlying these processes. The chapter is concluded with
discussion of practical issues that must be addressed to fully enable this new and
powerful direction in forest genomics research, as well as how comparative genom-
ics could support future research and applications for forest management.
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1 Introduction

Forest trees are defined by practical attributes, typically as woody perennial
plants with a primary stem of some minimum height. The majority of forest trees
share additional attributes. Forest trees typically go through a period of juvenility
before undergoing phase change and becoming sexually mature. Forest trees tend
to be highly out crossing, genetically heterozygous, and suffer from inbreeding
depression. And forest trees are largely undomesticated.

Forest trees do not represent a monophyletic group of plants, however. Tree-like
growth has been gained and lost in different seed plant lineages, and extant forest
trees can be found among various gymnosperm and angiosperm taxa (Groover
2005; Spicer and Groover 2010). This situation raises important considerations for
research aimed at understanding growth and development of the large number of
taxonomically diverse tree species that are important to society and to ecosystems.
As an example, the genus Eucalyptus is more closely related taxonomically to the
herbaceous annual, Arabidopsis, than to the angiosperm trees ash, ebony, sycamore,
and sweet gum (Angiosperm Phylogeny Group 2003). But even though Eucalyptus
and Arabidopsis are more closely related, is Arabidopsis a suitable model for help-
ing understand the traits associated with perennial, woody growth of Eucalyptus?
Even more challenging, gymnosperms such as pines, yews, spruces, and firs are
separated from angiosperm trees by more than 300 million years of evolution
(Taylor et al. 2009). Does the woody, perennial growth of gymnosperms have a
common (homologous) origin with that of angiosperms? If not, the mechanisms
underlying growth must be identified independently in gymnosperms and angio-
sperms. On the other hand if they are homologous, comparative studies between
gymnosperms and angiosperms could identify common, ancestral mechanisms
regulating tree-like growth, and determine how those mechanisms have been modi-
fied during speciation to produce the variation we see today among extant tree spe-
cies. Such a strategy could be more informative and cost effective than working
within individual species, as has largely been the case to date, and would provide
insights relevant to all tree species.

Genomic sciences are now providing the means to address previously intractable
problems in forest biology. Two decades ago it was a significant feat to clone a single
gene from a tree, but the sequencing of the entire genome of Populus trichocarpa
(Tuskan et al. 2006) supported an explosion of new research and enabled the facile
cloning and characterization of genes. Genome sequence also supported the develop-
ment of powerful functional genomic tools for Populus such as microarrays capable
of genome-wide assay of gene expression in tissue samples from individual trees
(Tsai et al. 2010), and the identification of large numbers of genetic markers useful
for association mapping studies that seek correlations between genotypes and pheno-
types e.g. (Ingvarsson et al. 2008; Wegrzyn et al. 2010). Full genome sequence is
now available for other woody perennial species, including Eucalyptus (http://www.
phytozome.net/eucalyptus.php), grape (Velasco et al. 2007), and papaya (Ming et al.
2008). Excitingly, more genome sequencing is underway, including several conifers
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species that represent an important taxonomic group. The expectation is that genome
sequence and extensive transcriptome (expressed gene sequence) information will be
available in the near future for an increasing number of tree species.

The opportunities afforded by the ability to sequence the genomes and compre-
hensively genotype large numbers of individuals from various forest tree species
should compel us to rethink our strategies for forest biology and forest genomics
research. How can we optimize genomic research strategies to better understand the
evolutionary histories and relationships among the thousands of forest tree species
of interest? How can we use genomics to better predict future responses of forests
to climate change, develop better forest-based biofuels feedstocks, or meet the
demands for forest-based products? How do we best develop genomic research
tools and applications to understand, monitor, and manage the growth, health, and
conservation of forests? These and other fundamental questions are being pushed to
the front of forest biology by competing pressures on forests by climate change,
increasing needs for forest products and ecosystem services, and the desire to use
forest trees as a source of bioenergy (FAO 2008).

We propose that comparative and evolutionary genomics will provide the next
major technical and methodological advances that will produce fundamental break-
throughs in our understanding of the basic biology underlying traits important to
forestry science, conservation, and management. We anticipate that the next chapter
in forest biology will leverage approaches of comparative and evolutionary genom-
ics, with experiments designed to explore the diversification of genes and the regu-
lation of biological traits both within and among species. Such approaches are
potentially more scientifically powerful than working within individual species.
Such strategies can also address some very practical problems, including how a
limited research community can make best use of increasingly large sequencing
resources, and address complex biological problems in the large number of species
of scientific, economic, and ecological interest. In the next section, we provide a
brief introduction to the sequencing technologies that enable comparative and evo-
lutionary genomics.

2 Comparative and Evolutionary Genomics in the Age
of Next Generation Sequencing

“Next generation sequencing” (NGS) technologies are dramatically changing the
strategies for forest genomics research. NGS technologies are developing with an
enormous speed and increasingly produce longer and more numerous sequences,
while at the same time the price per-base pair of sequencing is decreasing
exponentially(Stein 2010). Others have reviewed technologies underlying NGS e.g.
(Metzker 2010), which are quickly evolving. Regardless of the specifics of the under-
lying technologies, in general NGS provides increasingly cost effective methods for
new genomics approaches and applications that rely on the ability to sequence the
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expressed genes or even entire genomes of multiple species and/or individuals within
species (Mardis 2008; Schuster 2008). For example, “RNA sequencing” (RNA-seq)
using NGS can comprehensively quantify the expression of all the genes in an indi-
vidual organism for specific developmental time-points, among different tissues, or
in response to different environmental conditions or treatments (Wang et al. 2009).
NGS is also being used to produce large numbers of genetic markers within species
that can be used for population genetic studies of genetic diversity, association map-
ping of genes regulating traits of interest, or any other marker-based approaches. For
example, “genotype by sequencing” approaches using NGS can be used to simulta-
neously identify hundreds of thousands of genetic markers and genotype hundreds of
individuals (Elshire et al. 2011). Such approaches enable research into previously
intractable problems in forest biology including the dissection of the genetic regula-
tion of complex biological traits, and understanding population-level genetic factors
that underlie adaptation to specific environments (Neale and Kremer 2011).
Comparative genomics and the closely-related evolutionary genomics refer to a
variety of approaches that ultimately seek to understand the diversification of genes,
genomes, species, and biological traits within an evolutionary and taxonomic frame-
work. There are increasing examples of comparative and evolutionary studies from
both herbaceous model plants and forest trees, where analysis of DNA sequence and
gene expression data have provided important insights into the evolution of genome
properties as well as genes that ultimately underlie phenotypic differences among
and within species. For example, gene discovery and annotation is a basic need for
making any new forest tree genome sequence usable by the research community,
and remains a challenging but increasingly automated task. Comparative genomic
approaches played an important part in the annotation and interpretation of the first
forest tree genome to be sequenced, Populus trichocarpa (Tuskan et al. 2006). Some
45,000 gene models in the Populus genome were discovered and annotated in part
through comparison to other angiosperm genomes, including Arabidopsis (Tuskan
et al. 2006). Sequence comparisons both among regions within the Populus genome
and among other angiosperm genomes enabled the inference of genome duplication
events within angiosperm and Salicaceae (order containing Populus) lineages
(Sterck et al. 2005; Tuskan et al. 2006). Duplicated gene pairs (paralogs) are of
interest because they provide the opportunity for divergence in expression or func-
tion of one or both paralogs, and thus provide fodder for evolutionary change. Use
of microarray analysis of expression for duplicated gene paralogs in different tissues
of Populus provided evidence for significant sub-functionalization of duplicated
genes that have acquired distinct expression patterns (Segerman et al. 2007). Similar
but more detailed studies of duplicated genes in Arabidopsis found that paralogous
genes duplicated as part of large-scale events (i.e. duplication of entire or large seg-
ments of chromosomes) tend to have more similar expression pattern than genes
duplicated on small-scale segments (Casneuf et al. 2006), and that most of the dif-
ferences in expression between gene pairs occurs shortly after duplication (Ganko
et al. 2007). Looking across species, comparison of expression for orthologous
genes in Arabidopsis versus Populus organs found a range of congruity. The per-
centage of orthologous gene pairs expressed in both species was 60 % for genes
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expressed in roots, 58 % in young leaves, 69 % in mature leaves and stem nodes,
and 76 % in stem nodes (Quesada et al. 2008). These same authors found that genes
broadly expressed in multiple plant organs tend to be more conserved in their
expression, in contrast to genes that are organ-specific (Quesada et al. 2008).

Changes in protein sequence can also play an important role in the evolution of
gene function and phenotypic traits. For example, Arabidopsis gene families that
contain at least one member that presents a loss-of-function morphological pheno-
type were used to examine the relative role of changes in expression pattern versus
changes in protein sequence in driving morphological evolution (Hanada et al.
2009). Changes in protein sequence (59—-67 % of changes), not changes in gene
expression (33-41 % of changes), played the larger role in functional changes to
duplicated genes that influenced morphological traits (Hanada et al. 2009). This
stands in contrast to evolution of development in animals, where it has been argued
that changes in gene expression play the prominent role in evolution of morphologi-
cal traits (Carroll 2008). This could be a reflection of the history of prevalent genome
duplication in plants versus animals. However, the relative number of examples in
which the causative locus underlying morphological evolution in plants is low, and
thus the relative contribution of changes in gene expression versus protein function
in influencing evolution of traits remains uncertain.

While challenging, progress is being made in moving from comparative studies
that primarily examine DNA sequence diversity, to studies that describe causative
links between evolution of genes and phenotypic outcomes. For example, compara-
tive approaches have been used to study the rapid diversification and speciation in
Agquilegia (columbines) (Kramer 2009), including identification of loci involved in
the diversification flower morphology (Voelckel et al. 2010) and adaptation to
diverse habitats, and to identify miRNAs and their cognate target loci (Puzey and
Kramer 2009). In Mimulus (monkey flowers), comparative genomic approaches
were used to identify loci involved in parallel evolution of petal pigmentation in two
species, M. cupresus and M.luteus (Cooley et al. 2011). A fascinating case in tomato
illustrates how change in both gene expression and protein function for a single
gene influenced morphological diversification (Kimura et al. 2008). In this case,
changes in degree of complexity of compound leaves between wild tomato species
of the Galapagos Islands has been ascribed to changes in the expression of a single
transcription factor, PETROSELINIUM (PTS). PTS is a truncated KNOX transcrip-
tion factor that lacks a homeodomain. PTS acts by competing with “normal” KNOX
proteins for heterodimerization with a BEL-like Homeodomain protein. But in
addition, in species with more complex compound leaves, PTS expression is up-
regulated by as a result of a single base pair change in the gene’s promoter, thus
promoting the antagonistic effects of the truncated PTS protein.

NGS sequencing technologies are greatly expanding the previously limited
scope of experimental approaches for comparative and evolutionary genomics. But
how do we apply NGS-based comparative methods to the study of forest trees? To
do so, it is vital to first consider the relationships among tree species. In the next
section, we discuss a foundation topic for comparative genomics in forest trees — the
evolutionary history and diversification of forest trees.
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3 Evolutionary Origins and Diversification of Trees

A defining feature of all extant forest trees is the presence of a meristematic layer of
cells inside the stem, the vascular cambium. The cambium is a thin layer of cells
that divide over time to produce new cells that can develop into either wood or inner
bark, processes collectively known as secondary vascular growth (Larson 1994).
What are the advantages to secondary vascular growth and woody stems, and what
factors drove the evolution of woody plant forms? Woody stems can confer great
advantages in the competition for light, as woody stems allow for dramatic increase
in height, and this has undoubtedly been a major factor in the diversification of
woody plant forms. But the first appearance of woody growth is now attributed to
diminutive plants of the early Devonian (ca 400 MYA), which are likely related to
the extinct basal euphyllophyte genus, Psilophyton (Gerrienne et al. 2011). While
these plants made small amounts of wood from a cambium, they only grew to
modest height, supporting the hypothesis that wood may have evolved initially to
provide increased water conduction needs rather than mechanical support (Gerrienne
et al. 2011). The selective pressures for such innovation could have been driven in
part by decreasing CO, levels during the early Devonian, which would have
increased transpiration rates (McElwain and Chaloner 1995).

Through vascular plant evolution, there have been multiple, independent origins
of arborescent plants that contained a vascular cambium. For example, extinct arbo-
rescent lycopsids (notably, Lepidodendron) were dominant species in swamps and
wetlands of the Carboniferous (ca 300-360 MYA) that produced the massive coal
deposits mined today (Taylor et al. 2009). In contrast to extant tree species, these
plants had a unifacial vascular cambium that produced limited secondary xylem
(wood) but no secondary phloem (Cichan 1985a; Eggert 1961). They did have
extensive periderm, however, earning the term “bark stem.” Similarly, extinct sphe-
nopsid (group that includes extant horsetails) species produced arborescent forms
(Cichan 1985b). These stems were tubes characterized by wide pith and a cambium
that produced both secondary xylem and phloem (Eggert and Gaunt 1973; Taylor
et al. 2009). However, these lineages were evolutionary dead ends, and are not
ancestral to any living arborescent species.

The progymnosperms emerged in the Devonian as the first arborescent plants
that had a bifacial cambium producing a woody stem similar in structure and anat-
omy to extant forest trees (Beck 1960). Although there are significant uncertainties
about the relationships among progymnosperms, gymnosperms, and angiosperms,
it is likely that modern gymnosperm and perhaps angiosperms have their evolution-
ary origins in progymnosperm lineages (Gifford and Foster 1989). If that is the case,
it is possible that the vascular cambium and woody growth found in angiosperms
and gymnosperms are homologous (have a shared evolutionary origin).

In extant species, forest trees can be found distributed among both angiosperm and
gymnosperm lineages. While there is fossil evidence for extinct gymnosperms with
herbaceous habit (Rothwell et al. 2000), all extant and most extinct gymnosperms are
characterized by woody growth from a bifacial cambium. For angiosperms, there is a
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distinct possibility that the ancestral state was woody (but for a more nuanced view,
see (Carlquist et al. 1996)). Basal angiosperm lineages include forest trees and woody
plants. For example, Amborella is a genus of extant basal angiosperms that grow as
shrubs or small trees with woody growth supported by a bifacial vascular cambium,
and an Amborella genome is currently being sequenced (Soltis et al. 2008).
Interestingly, the wood of Amborella lacks vessel elements (Feild et al. 2000), and
given its basal angiosperm phylogenetic position Amborella provides insights into
early angiosperm wood anatomy. Notably, while there are arborescent monocots
(e.g. palms), their stem anatomy is distinctly different from forest trees: monocots
lack a true vascular cambium and do not make wood.

Forest trees are found throughout most eudicot orders, and do not represent a
monophyletic group (Groover 2005). Interestingly, eudicot tree species can be
found that have close relatives with distinctly different growth habits, including
herbaceous annuals. Examples of both gain and loss of woody habit can be found
within eudicot orders. Gain of woody growth during speciation from herbaceous
ancestors (so called secondarily woody species) are relatively common and have
occurred independently in various eudicot taxa (Carlquist 2009), suggesting that
woody growth form can re-evolve from herbaceous ancestors relatively rapidly.

4 Evolution and Diversification of Wood Formation

The woody growth of stems within angiosperm and gymnosperm taxa is charac-
terized by a bifacial vascular cambium that produces both secondary phloem
(inner bark) and secondary xylem (wood) (Esau 1977). Regardless of the evolu-
tionary origins of woody growth in angiosperms and gymnosperms, there are
some important differences in woody development and anatomy in these taxa
(Esau 1977). Wood of familiar conifers (e.g. pines) is characterized as being
comprised of long tracheary elements called tracheids that serve both water con-
ducting and mechanical support functions. In most angiosperm woods, tracheary
elements known as vessel elements are the primary water conducting cell type,
and can have much wider lumens than tracheids. Mechanical support in angio-
sperm wood is provided by lignified fibers. Both angiosperm and conifer woods
have rays, while only conifer woods contain well developed resin ducts. In
response to gravity, angiosperm stems from tension wood to pull leaning stems
upright, while conifers form compression wood to push leaning stems upright
(Wilson and Archer 1977).

While conifer woods are relatively homogeneous in their anatomies, amazing
variation can be found in angiosperm wood anatomy, including presence or absence
of vessels, successive cambia, xylem furrowed by xylem, ring porous versus ring
diffuse wood, storied versus unstoried cambia, and variation in the presence
and structure of rays (Carlquist 2001). Many of these variations have arisen inde-
pendently in multiple lineages, indicating that the developmental mechanisms
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regulating the cambium and wood formation in angiosperms are relatively plastic
to evolutionary forces.

Important differences can be found between the biochemical makeup of angio-
sperm and gymnosperm woods that impact applications including pulp and paper
production, biofuels, and mechanical properties important for use of wood in con-
struction. For example, lignin is a biopolymer that imparts hydrophobicity and
strength to cell walls (Boerjan et al. 2003), and has played a major role in land plant
evolution and diversification (Peter and Neale 2004; Weng and Chapple 2010).
Lignin is a major component of wood, and is the second most abundant biopolymer
on earth. Angiosperm lignin typically consist primarily of guaiacyl and syringyl
units, with traces of p-hydroxyphenyl units (Boudet et al. 1995). In contrast,
gymnosperm lignin is composed primarily of guaiacyl units with significant
p-hydroxyphenyl units, but lack syringyl units. These differences have major impacts
on pulping efficiencies and end uses for softwoods (conifers) versus hardwoods
(dicots).

So significant similarities and differences exist between conifer and angiosperm
wood, and among angiosperm woods from different species. But how is that
reflected by the genetic mechanisms that regulate wood formation among gymno-
sperm and angiosperm species?

5 Molecular and Genetic Regulation of Wood Formation

Genomic and molecular genetic tools have enabled a rapid increase in our under-
standing of the genes and mechanisms controlling the cambium and wood forma-
tion. Several reviews have summarized the current state of knowledge of
mechanisms regulating the developmental aspects of the cambium and wood
formation (Du and Groover 2010; Groover et al. 2010; Matte Risopatron et al.
2010), and the biosynthesis of secondary cell walls (Carpita 2011) and lignifica-
tion (Boerjan et al. 2003; Zhong and Ye 2009). What follows is a brief synopsis
of some of the major findings.

One interesting insight into the evolution of the vascular cambium is that some
of the important regulatory genes that control the shoot apical meristem have been
co-opted during the evolution of the cambium (Groover 2005). Extensive gene
expression datasets from wood forming tissues of Populus showed that several
important transcriptional regulators are expressed in both the shoot apical meristem
and the cambium (Schrader et al. 2004). Since the shoot apical meristem predates
the cambium in plant evolution (Gifford and Foster 1989), this indicates that these
genes acquired a new expression pattern that extended into the meristematic cells of
the cambium. Examples of these directly co-opted regulatory genes include the
Class I KNOX transcription factors ARBORKNOXT1 and 2, which regulate cell
differentiation during wood formation (Du et al. 2009; Groover et al. 2006).
Interestingly, this small family of transcription factors forms a separate clade in
angiosperms and gymnosperm lineages (Guillet-Claude et al. 2004). In other
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examples, shoot apical meristem regulatory genes have undergone duplication, with
a duplicate copy eventually acquiring unique expression in the cambial zone. For
example, WUSCHEL (WUS) is well characterized for its role in maintaining the
stem cells of the shoot apical meristem (Laux et al. 1996). WUS is not expressed in
the cambial zone, but a related family member, WOX4, is and acts to regulate
cambial divisions (Hirakawa et al. 2010). Undoubtedly there are also regulators that
are unique to the cambium, but to date there is not a definitive view of the relative
roles of co-option versus evolution of unique regulatory modules in the cambium
and wood forming tissues.

There is limited insight into the evolution of mechanisms regulating the cam-
bium and wood formation in angiosperms versus gymnosperms. One study of gene
expression in wood forming tissues of loblolly pine found evidence for a significant
percentage of genes uniquely expressed in pine versus Arabidopsis or Populus
(Kirst et al. 2003), but such studies are limited in their ability to detect orthologs that
have significantly diverged.

6 Evolution and Developmental Regulation
of Perennial Growth

The most extensive wood formation is found in perennial plants such as forest trees.
The two traits are separable to some degree, however, as there are annual plants that
can produce woody tissues from a vascular cambium (e.g. Arabidopsis (Chaffey
et al. 2002)) as well as perennial plants that do not produce wood (e.g. red clover).
As previously mentioned, most extinct and all extant gymnosperms undergo sec-
ondary growth, and are also perennial. With angiosperms, there is a more complex
evolutionary history of woody, perennial growth. It has been proposed that early
angiosperms were woody perennials, and that herbaceous annuals first arose as
angiosperms were experiencing the challenges of harsh winters in higher latitudes
during the Tertiary (Sinnott and Bailey 1915). Presumably this trend reflects that
herbaceous annuals have the advantage of overwintering underground in the form of
seed or roots, in contrast to woody perennials whose persistent above ground veg-
etation must bear the full brunt of winter weather. This trend is reflected in current
plant distributions, where 85-90 % of angiosperm species in alpine regions are
herbaceous, while in tropical regions only 25-40 % of angiosperm species are
herbaceous (Sinnott and Bailey 1915). Additionally, shifts among growth habits and
woodiness have been commonplace in the evolution of many angiosperm taxa
(Carlquist 2009).

The growth habit of most forest trees in the temperate parts of the world is rather
similar. As temperatures rise after the winter, trees will eventually start to grow
laterally (i.e. wood formation will start) and apically (i.e. buds will flush), new
leaves will develop and shoots will elongate (see e.g. Hinninen and Tanino 2011 for
a review). A major challenge is to time growth initiation in the spring so that the
growing season is maximized without risking premature growth and exposure to
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late winter/early spring cold spells. For example, in boreal forests there are periods
when air temperatures during the day could be high while the ground is still frozen,
and initiation of vegetative growth and transportation cannot be supported by the
root system (Oquist and Huner 2003). To avoid desiccation, dormancy mechanisms
must be in place to block growth until conditions are permissive.

The summer season is characterized by photosynthetic carbon fixation driving
lateral growth of the stem and root growth. Some trees (e.g. pines and oaks) have a
determinate growth in which vegetative buds set the previous season contain all the
primordia of the new year’s leaves, and are expanded to produce a flush of leaves
and elongating stem tissue, before setting new terminal buds. Other species are
characterized by an indeterminate apical growth habit in which new lateral buds and
leaves continue being produced (Kozlowski and Pallardy 1979). In some species
both determinate and indeterminate growth may be present on the same tree, and
can often be very easily distinguished from each other. In aspen (Populus tremula
and P. tremuloides), the characteristic rounded, serrated trembling leaves come
from determinate growth of mature parts of tree, but if juvenile shoots emerge from
the same trunk leaves are typically much larger and not rounded. A microRNA
(miR156) seems to have a role in this phase change (Wang et al. 2011).

At the end of the growing season, forest trees react to environmental cues that
start several processes; wood formation stops, terminal buds are formed, cold hardi-
ness is acquired and — in deciduous species — leaves will senescence and abscise and
dormancy is induced. The obvious cues to these developmental transitions are the
shortening of the photoperiod and decreasing temperatures, and trees typically use
both to correctly time these events (Garner and Allard 1923). Most trees flower in
spring, some very early before vegetative budbreak (e.g. Populus trichocarpa), oth-
ers later. The developmental decision to flower has therefore been taken the year
before flowering and the buds that are formed in the autumn are either vegetative or
reproductive (for an example in Populus, see (Yuceer et al. 2003)). Environmental
conditions permissive for flowering may induce the formation of reproductive buds
in parts of the tree that have reached maturity, but almost nothing is known about
how this is regulated. The physiology of the tree is also a critical factor since many
trees — especially in harsher climates — flower periodically, some years most trees in
an area may flower, other years almost none. Needless to say, there exist a large
amount of within-species variation in all these traits, and exploration of this natural
variation has been one fruitful approach to dissect the processes behind different
phenological traits e.g. (Frewen et al. 2000; Ma et al. 2010).

7 Regulation of Bud Set and Autumn Senescence

Several molecular details behind the regulation of bud set have been elucidated by
studies in Populus. Photoreceptors phytochrome A and phytochrome B (Ingvarsson
et al. 2008; Olsen et al. 1997) — and orthologs of the downstream components
CONSTANS(CO) and FLOWERING LOCUS T(FT)(Bohlenius et al. 2006), have been
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shown to regulate bud set and dormancy in Populus. Also in Populus, orthologs of
circadian clock components LATE ELONGATED HYPOCOTYLI and 2 and TIMING
OF CAB EXPRESSIONI have been implicated in cold hardiness and bud burst (Ibanez
et al. 2010). In annuals, the main function of these components seems to be in the
regulation of flowering time, which they also regulate in trees (Bohlenius et al. 2006).
It is intriguing that the same system has been recruited for different purposes and in
trees — at least in Populus — two different outputs are generated that regulates different
key processes (see e.g. (Lagercrantz 2009)). Although photoperiodic control of bud
set is very common among forest trees in temperate regions, some Rosaceae species
like Sorbusaucuparia may instead rely on temperature cues (Heide and Prestrud
2005), and at extreme latitudes cases diurnal fluctuations in temperature may sub-
stitute for photoperiodic cues (Heide 1974). A PopulusAINTEGUMENTA-LIKE 1
(AIL1) transcription factor appears to act downstream of the CO/FTtregulon, and reg-
ulates the expression of key cell cycle genes, e.g. cyclins (Karlberg et al. 2011).
Downregulation of the PopulusAILI and/or other homologous genes seem to be a
prerequisite for growth cessation. The Arabidopsis Aintegumenta has previously been
shown to regulate cell cycle genes (Mizukami and Fischer 2000). The fact that in
Populus, orthologs of CO/FT and AINI together regulate growth cessation has been
suggested to be an example of an “evolutionary mix and match” strategy (Karlberg
et al. 2011). Hormones including GA and ABA e.g. (Eriksson and Moritz 2002;
Ruttink et al. 2007) have crucial roles during growth arrest and bud set. More recently,
changes of auxin response has been implicated in growth cessation, through stabiliza-
tion of repressor auxin (AUX)/indole-3-acetic acid (IAA) proteins (Baba et al. 2011).

Less is known about the trigger(s) of autumnal senescence in deciduous trees. It is
not obvious that photoperiod should trigger leaf senescence in milder climates, preco-
cious senescence in a mild autumn would lead to significant losses in annual photo-
synthetic yield. Many trees do not shed their leaves until they do not contribute to net
photosynthesis. However, there is a potential tradeoff between annual photosynthesis
and nutrient status; if the senescence process has not reached completion, valuable
nutrients — in particular nitrogen which often is the limiting factor from growth in
many forests — are lost when leaves are shed (Keskitalo et al. 2005). Therefore, “safe-
guarding” by triggering autumnal senescence by photoperiod would be a useful adap-
tation to nutrient limitation at higher latitudes where photoperiodic cues are good
predictors of freezing conditions. Studies in aspen in northern Europe indicates that,
provided that the tree has reached a “competence to senescence” which seem to be
related to completion of bud set and growth arrest, a second critical photoperiod may
be sufficient to trigger onset of senescence (Fracheboud et al. 2009).

8 Dormancy

Meristem dormancy in buds and cambium is an essential trait for trees (see e.g.
Cooke et al. 2012 for a review). Dormancy can be of different types, ecodormancy
is provoked by certain environmental conditions and endodormancy occurs when
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the tissue itself has gone into a dormant state that cannot readily be activated by
permissive growth conditions (Lang 1987). Dormancy is complex and it has recently
been suggested that the terms endo — and ecodormancy need to be revised (Cooke
et al. 2012). In any case, during the annual cycle of trees, ecodormancy is typically
induced by a shortening of the photoperiod in the autumn, while the transition to
endodormancy that occurs later in the season is less well understood. Induction of
growth arrest and ecodormancy often happen in parallel suggesting that they are
triggered by the same cues, although it is not easy to experimentally separate these
processes. When ABA or ethylene signaling is impaired, it is however possible to
induce dormancy independent of bud set (Rohde et al. 2002; Ruonala et al. 2006).
Release from dormancy is, like vernalization, associated with periods of chilling
temperatures. So far, no obvious molecular similarities between the two processes
have been identified.

9 Evolutionary Insights from Molecular Mechanisms
Regulating Perennial Growth

The intriguing observation that the same or similar molecular mechanisms that
regulate flowing in both annuals and perennials, also regulate bud set in Populus
illustrates well how comparative studies could give insights to the molecular
evolution traits relating to the perennial lifestyle. The results of the studies of
(Bohlenius et al. 2006) and (Hsu et al. 2011) show how complex the regulatory
networks could be and how complicated it may to disentangle them (Ballerini
and Kramer 2011). Output signals from the circadian clock can be used to regu-
late many — potentially all — traits under photoperiodic control, but it is still pos-
sible that there are other mechanisms, yet to be discovered, that help trees to
accurately get information about the time of the year. Induction of dormancy
coincide largely with bud set, it is likely that the initial photoperiodic trigger is
the same despite the pathways diverge downstream of the clock. It should also be
kept in mind that, while seed dormancy is considered by many plant biologists as
a very old trait, it is more recent than the dormancy associated with perennial
growth. For dormancy, knowledge transfer from herbs to trees has so far been
less successful.

10 Towards the Future: Comparative and Evolutionary
Genomic Studies in Trees

The future holds great promise for new insights into forest biology from evolution-
ary and comparative genomic studies. The advancement of our understanding of
fundamental biological processes (e.g. wood formation and perennial growth as
discussed here) in a limited number of model species will continue to provide a
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foundation for extending and testing models of regulatory pathways into other taxa.
This work is already underway in Populus, eucalyptus, and a handful of conifer
species. A promising approach in this regards is the modeling of the gene regulatory
networks that control traits of interest. This is the level of complexity at which most
traits of interest lie, and network models direct development and testing of hypoth-
esis that can make research more targeted and effective. Once models of gene regu-
latory networks are established, a next step is to understand how these networks
have been rewired and modified over evolutionary history to produce the diversity
of form and function seen in extant species. Other approaches will start directly with
comparative analyses. For example, comparison of gene expression in cambia
across gymnosperm and angiosperm taxa could provide immediate insights into
the evolutionary origins of cambia, identify the conserved or ancestral regulatory
mechanisms, and characterize how regulatory mechanisms have been modified
to produce phenotypic variation. Comparative methods can also be used to identify
signatures of selection for genes within and across genomes, and provide insights
into adaptive traits that are of fundamental importance to understanding how forest
species may respond to climate change. Importantly, next generation sequencing
technologies is highly supportive of comparative genomics, and is providing a new
foundation of forest genomics-based research.

While genomics will provide new technical advances, comparative approaches
also rely on knowledge of anatomy, morphology, physiology, taxonomy and other
traditional disciplines. During the design of sequencing-based comparative
genomic studies, it is imperative to consider the evolutionary origins, taxonomic
distribution, and diversification of the trait under study. Knowledge of the physi-
ological features, anatomical makeup, or developmental stages of a trait can be
critical to experimental design. For example, comparative studies of fast-evolving
mechanisms underlying disease resistance should take a different approach from
studies addressing more evolutionarily conserved mechanisms, like wood forma-
tion. Clearly, collaboration among researchers is necessary to address the full
range of technical issues surrounding comparative genomic studies. Another
unappreciated aspect to comparative genomic studies that can require extensive
collaboration is the practical issue of sourcing appropriate plant materials
(Groover and Dosmann 2012).

Other practical issues include the fact that the relatively small research commu-
nities associated with forest biology must collaborate and communicate effectively.
One example is a need to standardize the collection and processing of samples that
are used to generate sequence data, and to provide the information about samples
and sequencing libraries associated with high throughput sequencing datasets.
Following such standards will help ensure that the data collected from different
species or labs will be directly comparable, that the growth and other conditions
associated with samples is well documented, and also ensure that experiments can
be repeated and verified by other researchers. There is also an increasing need for
empowering smaller labs with access to computer resources and informatics tools
to make use of next generation sequence data, and to perform robust comparative
analyses.



610 A. Groover and S. Jansson
11 Conclusions

Sound forest management relies on scientific insights into the biological processes
underlying tree growth and survival. An exciting new era of discovery is being ushered
in by technological advances in genomics. But to make the most of these advances will
require careful planning and coordination by the research community, funding agen-
cies, and stakeholders who may ultimately benefit from the knowledge soon to come.

References

Angiosperm Phylogeny Group (2003) An update of the Angiosperm Phylogeny Group classifica-
tion for the orders and families of flowering plants: APG II. Bot J Linn Soc 141:399-436

Baba K, Karlberg A, Schmidt J, Schrader J, Hvidsten TR, Bako L, Bhalerao RP (2011) Activity-
dormancy transition in the cambial meristem involves stage-specific modulation of auxin
response in hybrid aspen. Proc Nat Acad Sci 108(8):3418-23

Ballerini ES, Kramer EM (2011) In the light of evolution: a reevaluation of conservation in the
CO-FT regulon and its role in photoperiodic regulation of flowering time. Front Plant Sci 2:81

Beck CB (1960) Connection between Archaeopteris and Callixylon. Science 131:1524—1525

Boerjan W, Ralph J, Baucher M (2003) Lignin biosynthesis. Annu Rev Plant Biol 54:519-546

Bohlenius H, Huang T, Charbonnel-Campaa L, Brunner AM, Jansson S, Strauss SH, Nilsson O
(2006) CO/FT regulatory module controls timing of flowering and seasonal growth cessation
in trees. Science 312:1040-1043

Boudet AM, Lapierre C, Grima-Pettenati J (1995) Biochemistry and molecular biology of lignifi-
cation. New Phytol 129:203-236

Carlquist S (2001) Comparative wood anatomy. Systematic, ecological, and evolutionary aspects
of dicotyledon wood. Springer, Berlin/Heidelberg

Carlquist S (2009) Xylem heterochrony: an unappreciated key to angiosperm origin and diversifi-
cations. Bot J Linn Soc 161:26-65

Carlquist S, Taylor DW, Hickey LJ (1996) Wood anatomy of primitive angiosperms: new perspec-
tives and syntheses flowering plant origin, evolution & phylogeny. Springer, US, pp 68-90

Carpita NC (2011) Update on mechanisms of plant cell wall biosynthesis: how plants make
cellulose and other 1/4B-d-Glycans. Plant Physiol 155:171-184

Carroll SB (2008) Evo-Devo and an expanding evolutionary synthesis: a genetic theory of mor-
phological evolution. Cell 134:25-36

Casneuf T, De Bodt S, Raes J, Maere S, Van de Peer Y (2006) Nonrandom divergence of gene
expression following gene and genome duplications in the flowering plant Arabidopsis
thaliana. Genome Biol 7:R13

Chaffey N, Cholewa E, Regan S, Sundberg B (2002) Secondary xylem development in Arabidopsis:
a model for wood formation. Physiol Plant 114:594-600

Cichan MA (1985a) Vascular cambium and wood development in carboniferous plants.
I. Lepidodendrales. Am J Bot 72:1163-1176

Cichan MA (1985b) Vascular cambium and wood development in carboniferous plants. II.
Sphenophyllum plurifoliatum Williamson and Scott (Sphenophyllales). Bot Gaz 146:395-403

Cooke JE, Eriksson ME, Junttila O (2012) The dynamic nature of bud dormancy in trees: environ-
mental control and molecular mechanisms. Plant Cell Environ 35:1707-1728

Cooley AM, Modliszewski JL, Rommel ML, Willis JH (2011) Gene duplication in mimulus under-
lies parallel floral evolution via independent trans-regulatory changes. Curr Biol 21:700-704

Du J, Groover A (2010) Transcriptional regulation of secondary growth and wood formation. J
Integr Plant Biol 52:17-27



Comparative and Evolutionary Genomics of Forest Trees 611

Du J, Mansfield SD, Groover AT (2009) The Populus homeobox gene ARBORKNOX? regulates
cell differentiation during secondary growth. Plant J 60:1000-1014

Eggert DA (1961) The ontogeny of carboniferous arborescent Lycopsida. Paleontographica
108B:43-92

Eggert DA, Gaunt DD (1973) Phloem of Sphenophyllum. Am J Bot 60:755-770

Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, Mitchell SE (2011)
A robust, simple Genotyping-by-Sequencing (GBS) approach for high diversity species. PLoS
One 6:¢19379

Eriksson M, Moritz T (2002) Daylength and spatial expression of a gibberellin 20-oxidase isolated
from hybrid aspen (Populus tremula x P. tremuloides). Planta 214:920-930

Esau K (1977) Anatomy of seed plants, 2nd edn. Wiley, New York

FAO (2008) Forest and energy. Food and Agriculture Organization of the United Nations FAO
Forestry Paper 154

Feild TS, Zweiniecki MA, Brodribb T, Jaffre T, Donoghue MJ, Holbrook NM (2000) Structure and
function of tracheary elements in Amborella trichopoda. Int J Plant Sci 161:705-712

Fracheboud Y, Luquez V, Bjorkén L, Sjodin A, Tuominen H, Jansson S (2009) The control of
autumn senescence in European aspen. Plant Physiol 49:1982-1991

Frewen BE, Chen THH, Howe GT, Davis J, Rohde A, Boerjan W, Bradshaw HD (2000)
Quantitative trait loci and candidate gene mapping of bud set and bud flush in populus.
Genetics 154:837-845

Ganko EW, Meyers BC, Vision TJ (2007) Divergence in expression between duplicated genes in
Arabidopsis. Mol Biol Evol 24:2298-2309

Garner WW, Allard HA (1923) Further studies in photoperiodism, the response of the plant to
relative length of day and night. J Agric Res 23:871-920

Gerrienne P, Gensel PG, Strullu-Derrien C, Lardeux H, Steemans P, Prestianni C (2011) A simple
type of wood in two early devonian plants. Science 333:837

Gifford EM, Foster AS (1989) Morphology and evolution of vascular plants. W. H. Freeman and
Company, New York

Groover A, Dosmann M (2012) The importance of living botanical collections for plant biology
and the next generation? of evo-devo research. Front Plant Sci 3:137

Groover A, Nieminen K, Helariutta Y, Mansfield SD (2010) Wood formation in Populus. In: Jansson
S, Bhalerao RP, Groover AT (eds), Genetics and genomics of Populus. Springer: New York

Groover A, Mansfield S, DiFazio S, Dupper G, Fontana J, Millar R, Wang Y (2006) The Populus
homeobox gene ARBORKNOXI reveals overlapping mechanisms regulating the shoot apical
meristem and the vascular cambium. Plant Mol Biol 61:917-932

Groover AT (2005) What genes make a tree a tree? Trends Plant Sci 10:210-214

Guillet-Claude C, Isabel N, Pelgas B, Bousquet J (2004) The evolutionary implications of knox-I
gene duplications in conifers: correlated evidence from phylogeny, gene mapping, and analysis
of functional divergence. Mol Biol Evol 21:2232-2245

Hanada K, Kuromori T, Myouga F, Toyoda T, Shinozaki K (2009) Increased expression and
protein divergence in duplicate genes is associated with morphological diversification. PLoS
Genet 5:e1000781

Hinninen H, Tanino K (2011) Tree seasonality in a warming climate. Trends Plant Sci 16:412-416

Heide OM (1974) Growth and Dormancy in Norway Spruce Ecotypes (Picea abies) I. Interaction
of photoperiod and temperature. Physiol Plant 30:1-12

Heide OM, Prestrud AK (2005) Low temperature, but not photoperiod, controls growth cessation
and dormancy induction and release in apple and pear. Tree Physiol 25:109-114

Hirakawa Y, Kondo Y, Fukuda H (2010) TDIF peptide signaling regulates vascular stem cell
proliferation via the WOX4 homeobox gene in Arabidopsis. Plant Cell 22:2618-2629

Hsu C-Y, Adams JP, Kim H, No K, Ma C, Strauss SH, Drnevich J, Vandervelde L, Ellis JD,
Rice BM, Wickett N, Gunter LE, Tuskan GA, Brunner AM, Page GP, Barakat A, Carlson
JE, dePamphilis CW, Luthe DS, Yuceer C (2011) FLOWERING LOCUS T duplication
coordinates reproductive and vegetative growth in perennial poplar. Proc Natl Acad Sci
108:10756-10761



612 A. Groover and S. Jansson

Ibanez C, Kozarewa I, Johansson M, Ogren E, Rohde A, Eriksson ME (2010) Circadian clock
components regulate entry and affect exit of seasonal dormancy as well as winter hardiness in
Populus trees. Plant Physiol 153(4):1823-1833

Ingvarsson PK, Garcia MV, Luquez V, Hall D, Jansson S (2008) Nucleotide polymorphism and
phenotypic associations within and around the phytochrome B2 locus in European Aspen
(Populus tremula, salicaceae). Genetics 178:2217-2226

Karlberg A, Bako L, Bhalerao RP (2011) Short day-mediated cessation of growth requires the
down regulation of AINTEGUMENTALIKEI transcription factor in Hybrid Aspen. PLoS
Genet 7:¢1002361

Keskitalo J, Bergquist G, Gardestrom P, Jansson S (2005) A cellular timetable of autumn senes-
cence. Plant Physiol 139:1635-1648

Kimura S, Koenig D, Kang J, Yoong FY, Sinha N (2008) Natural variation in leaf morphology
results from mutation of a novel KNOX gene. Curr Biol 18:672-677

Kirst M, Johnson AF, Baucom C, Ulrich E, Hubbard K, Staggs R, Paule C, Retzel E, Whetten
R, Sederoff R (2003) Apparent homology of expressed genes from wood-forming tissues of
loblolly pine (Pinus taeda L.) with Arabidopsis thaliana. Proc Natl Acad Sci U S A
100:7383-7388

Kozlowski TT, Pallardy SG (1979) Physiology of woody plants. Academic, New York

Kramer EM (2009) Aquilegia: a new model for plant development, ecology, and evolution. Annu
Rev Plant Biol 60:261-277

Lagercrantz U (2009) At the end of the day: a common molecular mechanism for photoperiod
responses in plants? J Exp Bot 60:2501-2515

Lang G (1987) Dormancy: a new universal terminology. HortSci 22:371-377

Larson PR (1994) The vascular cambium. Springer, Berlin

Laux T, Mayer KF, Berger J, Jurgens G (1996) The WUSCHEL gene is required for shoot and
floral meristem integrity in Arabidopsis. Development 122:87-96

Ma X-F, Hall D, St. Onge KR, Jansson S, Ingvarsson PK (2010) Genetic differentiation, clinical
variation and phenotypic associations with growth cessation across the Populus tremula
photoperiodic pathway. Genetics 186:1033-1044

Mardis ER (2008) The impact of next-generation sequencing technology on genetics. Trends
Genet 24:133-141

Matte Risopatron JP, Sun 'Y, Jones BJ (2010) The vascular cambium: molecular control of cellular
structure. Protoplasma 247:145-161

McElwain JC, Chaloner WG (1995) Stomatal density and index of fossil plants track atmospheric
carbon dioxide in the Palaeozoic. Ann Bot 76:389-395

Metzker ML (2010) Sequencing technologies [mdash] the next generation. Nat Rev Genet 11:31-46

Ming R, Hou S, Feng Y, Yu Q, Dionne-Laporte A, Saw JH, Senin P, Wang W, Ly BV, Lewis KLT,
Salzberg SL, Feng L, Jones MR, Skelton RL, Murray JE, Chen C, Qian W, Shen J, Du P, Eustice
M, Tong E, Tang H, Lyons E, Paull RE, Michael TP, Wall K, Rice DW, Albert H, Wang M-L,
Zhu'Y]J, Schatz M, Nagarajan N, Acob RA, Guan P, Blas A, Wai CM, Ackerman CM, RenY, Liu
C, Wang J, Wang J, Na J-K, Shakirov EV, Haas B, Thimmapuram J, Nelson D, Wang X, Bowers
JE, Gschwend AR, Delcher AL, Singh R, Suzuki JY, Tripathi S, Neupane K, Wei H, Irikura B,
Paidi M, Jiang N, Zhang W, Presting G, Windsor A, Navajas-Perez R, Torres MJ, Feltus FA,
Porter B, Li Y, Burroughs AM, Luo M-C, Liu L, Christopher DA, Mount SM, Moore PH,
Sugimura T, Jiang J, Schuler MA, Friedman V, Mitchell-Olds T, Shippen DE, dePamphilis CW,
Palmer JD, Freeling M, Paterson AH, Gonsalves D, Wang L, Alam M (2008) The draft genome
of the transgenic tropical fruit tree papaya (Carica papaya Linnaeus). Nature 452:991-996

Mizukami Y, Fischer RL (2000) Plant organ size control: AINTEGUMENTA regulates growth and
cell numbers during organogenesis. Proc Natl Acad Sci U S A 97:942-947

Neale DB, Kremer A (2011) Forest tree genomics: growing resources and applications. Nat Rev
Genet 12:111-122

Olsen JE, Junttila O, Nilsen J, Eriksson ME, Martinussen I, Olsson O, Sandberg G, Moritz T
(1997) Ectopic expression of oat phytochrome A in hybrid aspen changes critical day length for
growth and prevents cold acclimatization. Plant J 12:1339-1350



Comparative and Evolutionary Genomics of Forest Trees 613

Oquist G, Huner NPA (2003) Photosynthesis of overwintering evergreen plants. Annu Rev Plant
Biol 54:329-355

Peter G, Neale D (2004) Molecular basis for the evolution of xylem lignification. Curr Opin Plant
Biol 7:737-742

Puzey JR, Kramer EM (2009) Identification of conserved Aquilegia coerulea microRNAs and their
targets. Gene 448:46-56

Quesada T, Li Z, Dervinis C, Li'Y, Bocock PN, Tuskan GA, Casella G, Davis JM, Kirst M (2008)
Comparative analysis of the transcriptomes of Populus trichocarpa and Arabidopsis thaliana
suggests extensive evolution of gene expression regulation in angiosperms. New Phytol
180:408-420

Rohde A, Prinsen E, Rycke RD, Engler G, Montagu MV, Boerjan W (2002) PtABI3 impinges on
the growth and differentiation of embryonic leaves during bud set in poplar. Plant Cell
14:1885-1901

Rothwell GW, Grauvogel-Stamm L, Mapes G (2000) An herbaceous fossil conifer: gymnosper-
mous ruderals in the evolution of Mesozoic vegetation. Palacogeogr Palacoclimatol Palacoecol
156:139-145

Ruonala R, Rinne PLH, Baghour M, Moritz T, Tuominen H, Kangasjérvi J (2006) Transitions in
the functioning of the shoot apical meristem in birch (Betula pendula) involve ethylene. Plant
J46:628-640

Ruttink T, Arend M, Morreel K, Storme V, Rombauts S, Fromm J, Bhalerao RP, Boerjan W, Rohde
A (2007) A molecular timetable for apical bud formation and dormancy induction in poplar.
Plant Cell 19:2370-2390

Schrader J, Nilsson J, Mellerowicz E, Berglund A, Nilsson P, Hertzberg M, Sandberg G (2004)
A high-resolution transcript profile across the wood-forming meristem of poplar identifies
potential regulators of cambial stem cell identity. Plant Cell 16:2278-2292

Schuster SC (2008) Next-generation sequencing transforms today’s biology. Nat Meth 5:16-18

Segerman B, Jansson S, Karlsson J (2007) Characterization of genes with tissue-specific differential
expression patterns in Populus. Tree Genet Genomes 3:351-362

Sinnott EW, Bailey IW (1915) The evolution of herbaceous plants and its bearing on certain
problems of geology and climatology. J Geol 23:289-306

Soltis D, Albert V, Leebens-Mack J, Palmer J, Wing R, dePamphilis C, Ma H, Carlson J, Altman N,
Kim S, Wall PK, Zuccolo A, Soltis P (2008) The Amborella genome: an evolutionary reference
for plant biology. Genome Biol 9:402

Spicer R, Groover A (2010) The evolution of development of the vascular cambium and secondary
growth. New Phytol 186:577-592

Stein L (2010) The case for cloud computing in genome informatics. Genome Biol 11:207

Sterck L, Rombauts S, Jansson S, Sterky F, Rouzé P, Van de Peer Y (2005) EST data suggest that
poplar is an ancient polyploid. New Phytol 167:165-170

Taylor TN, Taylor EL, Krings M (2009) Paleobotany. The biology and evolution of fossil plants.
Academic/Elsevier, London

Tsai CJ, Ranjan P, DiFazio S, Tuskan G, Johnson V (2010) Poplar genome microarrays. Genetics,
genomics, and breeding of crop plants: poplar. Science Publishers, Enfield

Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U, Putnam N, Ralph S,
Rombauts S, Salamov A, Schein J, Sterck L, Aerts A, Bhalerao RR, Bhalerao RP, Blaudez D,
Boerjan W, Brun A, Brunner A, Busov V, Campbell M, Carlson J, Chalot M, Chapman J, Chen
G-L, Cooper D, Coutinho PM, Couturier J, Covert S, Cronk Q, Cunningham R, Davis J,
Degroeve S, Dejardin A, dePamphilis C, Detter J, Dirks B, Dubchak I, Duplessis S, Ehlting J,
Ellis B, Gendler K, Goodstein D, Gribskov M, Grimwood J, Groover A, Gunter L, Hamberger
B, Heinze B, Helariutta Y, Henrissat B, Holligan D, Holt R, Huang W, Islam-Faridi N, Jones S,
Jones-Rhoades M, Jorgensen R, Joshi C, Kangasjarvi J, Karlsson J, Kelleher C, Kirkpatrick R,
Kirst M, Kohler A, Kalluri U, Larimer F, Leebens-Mack J, Leple J-C, Locascio P, Lou Y, Lucas
S, Martin F, Montanini B, Napoli C, Nelson DR, Nelson C, Nieminen K, Nilsson O, Pereda V,
Peter G, Philippe R, Pilate G, Poliakov A, Razumovskaya J, Richardson P, Rinaldi C, Ritland
K, Rouze P, Ryaboy D, Schmutz J, Schrader J, Segerman B, Shin H, Siddiqui A, Sterky F, Terry



614 A. Groover and S. Jansson

A, Tsai C-J, Uberbacher E, Unneberg P et al (2006) The genome of black cottonwood, Populus
trichocarpa (Torr. & Gray). Science 313:1596-1604

Velasco R, Zharkikh A, Troggio M, Cartwright DA, Cestaro A, Pruss D, Pindo M, FitzGerald LM,
Vezzulli S, Reid J, Malacarne G, Iliev D, Coppola G, Wardell B, Micheletti D, Macalma T,
Facci M, Mitchell JT, Perazzolli M, Eldredge G, Gatto P, Oyzerski R, Moretto M, Gutin N,
Stefanini M, Chen Y, Segala C, Davenport C, DemattA” L, Mraz A, Battilana J, Stormo K,
Costa F, Tao Q, Si-Ammour A, Harkins T, Lackey A, Perbost C, Taillon B, Stella A, Solovyev
V, Fawcett JA, Sterck L, Vandepoele K, Grando SM, Toppo S, Moser C, Lanchbury J, Bogden
R, Skolnick M, Sgaramella V, Bhatnagar SK, Fontana P, Gutin A, Van de Peer Y, Salamini F,
Viola R (2007) A high quality draft consensus sequence of the genome of a heterozygous
grapevine variety. PLoS One 2:e1326

Voelckel C, Borevitz JO, Kramer EM, Hodges SA (2010) Within and between whorls: comparative
transcriptional profiling of Aguilegia and Arabidopsis. PLoS One 5:¢9735

Wang J-W, Park MY, Wang L-J, Koo Y, Chen X-Y, Weigel D, Poethig RS (2011) MiRNA control
of vegetative phase change in trees. PLoS Genet 7:¢1002012

Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev
Genet 10:57-63

Wegrzyn JL, Eckert AJ, Choi M, Lee JM, Stanton BJ, Sykes R, Davis MF, Tsai C-J, Neale DB
(2010) Association genetics of traits controlling lignin and cellulose biosynthesis in black
cottonwood (Populus trichocarpa, Salicaceae) secondary xylem. New Phytol 188:515-532

Weng J-K, Chapple C (2010) The origin and evolution of lignin biosynthesis. New Phytol
187:273-285

Wilson BF, Archer RR (1977) Reaction wood: induction and mechanical action. Annu Rev Plant
Physiol 28:23-43

Yuceer C, Land SB Jr, Kubiske ME, Harkess RL (2003) Shoot morphogenesis associated with
flowering in Populus deltoides (Salicaceae). Am J Bot 90:196-206

Zhong R, Ye Z-H (2009) Transcriptional regulation of lignin biosynthesis. Plant Signal Behav
4:1028-1034



	Comparative and Evolutionary Genomics of Forest Trees
	1 Introduction
	2 Comparative and Evolutionary Genomics in the Age of Next Generation Sequencing
	3 Evolutionary Origins and Diversification of Trees
	4 Evolution and Diversification of Wood Formation
	5 Molecular and Genetic Regulation of Wood Formation
	6 Evolution and Developmental Regulation of Perennial Growth
	7 Regulation of Bud Set and Autumn Senescence
	8 Dormancy
	9 Evolutionary Insights from Molecular Mechanisms Regulating Perennial Growth
	10 Towards the Future: Comparative and Evolutionary Genomic Studies in Trees
	11 Conclusions
	References




