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Abstract

This review aims at providing a short synopsis of the history, advances and future of genom-
ics sciences in various fields of research with focus on areas pertaining to forest tree species
and ecosystems. It also provides a broader outlook of the place of genomics and other ‘omics’
approaches like transcriptomics, proteomics and metabolomics in future biology research at vari-
ous levels of organization, particularly on system level knowledge at organismal and ecosystem
scales. Specifically, emphasis is placed on new sequencing technologies that open the gate for
thorough exploration of the DNA and RNA world from a single cell and individual to population
and ecosystem scales. These and other technological innovations are holding great promise for
advanced breeding, deeper knowledge of developmental and physiological mechanisms and bet-
ter understanding of the processes occurring at ecosystem levels.
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Brief History and Definitions Human 1952), reverse transcriptase,

Genomics is a field of science dealing
with a large number, if not all, genes and,
more recently, the DNA sequence of the
entire genome. This is in sharp contrast
with preceding endeavors focusing typi-
cally on one or a few genes at a time. The
dawn of genomics dates back to the late
1980s. Yet, the idea of sequencing and
understanding the genetic information in
its entirety is not new and is probably as
old as the realization that DNA is the carri-
er of the hereditary information. However,
it was only in the mid to late 1980s when
the convergence of several major techno-
logical advances provided the foundations
for the modern genomics field. These in-
cluded recombinant DNA (Jackson et al.
1972), restriction enzymes (Luria and

polymerase chain reaction (Saiki et al.
1985) and Sanger sequencing (Sanger et
al. 1977). The latter, followed by the au-
tomation of the method (Martingallardo et
al. 1992), was the catalyst of the ensuing
explosion of genomics sequencing data,
resulting in complete sequences of initially
prokaryotic and simple eukaryotic genom-
es (Blattner et al. 1997, Fleischmann et al.
1995, Goffeau et al. 1996), then closely
followed by several more complex eukary-
otic genomes like Caenorhabditis elegans
(Maupas, 1900, C. elegans Sequencing
Consortium 1998), Drosophila mela-
nogaster (Meigen, 1830, Adams et al.
2000), Arabidopsis thaliana (L.) Heynh.
(Kaul et al. 2000), and culminating in
the publication of the human genome at
the turn of the millennium (Lander et al.
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2001, Venter et al. 2001). Particularly in-
strumental in the sequencing of these ge-
nomes and gene discovery in organisms
with more complex and large genomes is
the development and application of the
Expressed Sequence Tag (EST) technol-
ogy in the early 1990s (Adams et al. 1991).
ESTs represent random partial sequences
of small stretches of complementary DNA
(cDNA) (derived from mRNA through re-
verse transcription) that are typically cap-
tured in plasmid vectors constituting what
is known as cDNA libraries. The EST tech-
nology has been the workhorse of gene
discovery in a number of species, includ-
ing forest trees, for many years (Allona et
al. 1998, Hertzberg et al. 2001, Kirst et al.
2003). Because of the complexity of coni-
fer genomes, even for current sequencing
capacities, ESTs have allowed gathering
of useful genomics data by reducing the
complexity and size of the sequencing
effort that would have been impossible
to afford by a whole-genome approach.
ESTs have also proved extremely useful
for ‘training’ the models for gene predic-
tion, following whole-genome sequencing.
Early realizations that the de novo gene
prediction (based purely on sequence
inferences) was extremely error-prone
made the ESTs an invaluable resource
to validate and ‘educate’ gene prediction
algorithms (Martingallardo et al. 1992).
Lessons learned from assembly of ESTs
also led to the computational approaches
used for assembly of whole-genome se-
quencing using the shotgun approach that
is now accepted as a standard for whole-
genome sequencing.

The know-how learned during the se-
quencing of the human genome opened
the floodgates for sequencing of an array
of other eukaryotic genomes from every
nook and cranny of life. Plant genomes

were among the first to be sequenced
starting with the model Arabidopsis thali-
ana (Kaul et al. 2000), and even preced-
ing the release of the human genome.
This was closely followed by the publica-
tion of the rice genome (Goff et al. 2002)
and ultimately the first tree and third plant
genome: this of a poplar tree (Populus
trichocarpa Torr. & A.Gray — Nisqually1
clone from the Pacific Northwest of the
United States) (Tuskan et al. 2006).

Breaking the Confines of Model
Organisms

Despite the significant advances in se-
quencing and assembly of genomes,
these ventures remained confined to sin-
gle genotypes and species of significance
as model organisms or of significant eco-
nomic, environmental and epidemiological
importance. It is not coincidental that the
first three sequenced eukaryotic genomes
were of such organisms — Saccharomyces
cerevisiae (Meyen & Hansen, 1883)
(yeast), Caenorhabditis elegans (nema-
tode), Drosophila melanogaster (fruit fly)
and Arabidopsis thaliana (Arabidopsis,
mouse-ear cress). In fact, one of the defi-
nitions of a model organism used to en-
compass (among other attributes) a small
and simple genome. The main obstacle in
whole-genome sequencing was the pro-
hibitively high cost driven by the relatively
low throughput of the traditional Sanger
sequencing.

Sanger sequencing is based on dide-
oxynucleotide chemistries, with one read
per reaction. The throughput and ease
of Sanger was significantly increased
through the introduction of capillary col-
umns and the automation of the process
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by Applied Biosystems (Martingallardo et
al. 1992), but the basic shortcoming of
the process — one read per reaction — re-
mained unchanged and imposed a ceil-
ing to the throughput of this technology.
The understanding of this limitation led to
the realization that a quantum leap in the
process is necessary to meet the ever-in-
creasing glut for sequence information. A
massive search for new sequencing tech-
nologies resulted in several conceptually
new sequencing methods. The majority
of these methods employ the concept of
massive, parallel sequencing of arrayed
DNA fragments simultaneously using
various light emitting chemistries (Mardis
2008, Metzker 2010) Thus, instead of se-
quencing one DNA template per reaction,
tens of millions of DNA fragments could
now be sequenced at the same time.
These technologies are now known as
next-generation sequencing (next-gen).
The evolution of new sequencing meth-
ods is still ongoing. New technologies
are coming online every year increasing
sequencing accuracy, length and through-
put, with seemingly no limits to the further
improvement of the process.

The power of these technologies has
brought democratization of genomics.
Once an attribute and privilege of elite
of a few species, today whole genome
sequences are available for more than
180 eukaryotic organisms and genomic
information is accumulating with unprec-
edented rate (Pagani et al. 2012). For ex-
ample, the Joint Genomic Institute (JGI)
of the US Department of Energy (DOE)
has sequenced more than 40 plant ge-
nomes (phytozome.net). All of these are
now easily and publicly available at the
phytozome.net site, with powerful tools
to compare genomics information among
various linages of the plant evolutionary

tree. In addition, genome sequencing is
now expanding from the species to the in-
dividual level. A number of projects have
been launched to sequence thousands
of individual genomes from one species
bringing genomics at the population level
scales (Altshuler et al. 2012, Cao et al.
2011, Gan et al. 2011). This would enable
unprecedented genome-based approach-
es in breeding, population genetics and
conservation.

Towards Systems Biology
Understanding through Various
‘Omics’ Approaches

The ultimate purpose of genomics is to fa-
cilitate functional understanding and thus
its eventual usefulness in various fields
and endeavors (Fig. 1). As we start to rap-
idly realize that most biological processes
are highly interconnected networks involv-
ing large numbers of genes, it is becoming
evident that understanding the function of
the genome would entail understanding
the function of genes en block, as a sys-
tem, rather than as isolated entities. This
has spurred interest in what is now known
as other ‘omics’ approaches. Most promi-
nently and following the central dogma,
these include transcriptomics, proteomics
and metabolomics focusing on RNA, pro-
teins and metabolites respectively.
Transcriptomics involves approaches
for analyses of genome-wide gene ex-
pression. Methods for studying gene
expression have been around for a long
time (e.g., Northern blots and RT-PCR).
However they are suitable for study-
ing expression of one or a few genes.
Monitoring the expression of every single
gene in the genome is a daunting task.
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The first breakthrough was the develop-
ment of microarrays (Schena et al. 1995).
This technology uses a nucleic hybridiza-
tion approach. DNA probes, representing
portions of the genes in the genome, are
arrayed on solid surface. The RNA s con-
verted into cDNA using reverse transcrip-
tase, labeled with fluorescent dyes and,
allowed to hybridize to the array, followed
by washing to remove unspecific (non-
homologous) hybridizations. The amount
of fluorescence at each probe is propor-
tional to the labeled cDNA that hybrid-
ized to the probe and thus provides an
indirect measure of the quantity of the re-
spective mMRNA (gene expression) in the
sample of interest. The advances of next-
generation sequencing are quickly revo-
lutionizing these fields through methods
now known as RNA sequencing (RNA-
seq, Malone and Oliver 2011, Wang et
al. 2009). As with microarrays, mRNA is
reverse-transcribed into cDNA, which is
then intensively sequenced using one
of the above mentioned next-genera-
tion platforms. In contrast to the indirect
methods of expression estimation using
hybridization signal as a surrogate, these
methods allow direct counting of tran-
script abundance and thus truly quanti-
tative estimation of differences in gene
expression. Furthermore, microarrays
were limited to the number of features
on the array and were also contingent
on available genome sequence or large
EST datasets. RNA-seq does not require
either. The sensitivity and inferences of
transcriptomics approaches have been
greatly enhanced by using highly specific
targeted sampling of tissues and even
cell types using techniques like laser mi-
cro capture (LMC) (Larisch et al. 2012)
and fluorescent activated cell sorting
(FACS) (Birnbaum et al. 2003).

Proteomics emerged in the late nine-
ties, closely following the rise of genomics
and focusing on identification and quantifi-
cation of protein abundance at a genome-
wide scale (James 1997). Proteomics
approaches have historically lagged be-
hind transcriptomics due to the techno-
logical difficulties of studying proteins in
a high throughput fashion. Initially, this
was achieved through two-dimensional
(2D) electrophoretic separation of protein
mixtures, followed by spot isolation and
sequencing through proteolytic degrada-
tion (Rabilloud and Lelong 2011, Wilm
et al. 1996). However, these approaches
lack the throughput and resolution that are
necessary to scale up the method to lev-
els approaching genome coverage (Van-
derschuren et al. 2013). For example,
even in the Arabidopsis model plant and
most advanced analytical tools, only ap-
proximately an estimated 70 % coverage
of the whole proteome has been achieved
(Mann et al. 2013). Recently, mass spec-
troscopy using Orbitrap instruments and
Multidimensional Protein Identification
Technology (MudPIT) has emerged as the
leading technology for ‘omics’ level protein
analysis (Yates et al. 2009). The results
from a controlled proteolysis are analyzed
via extremely sensitive liquid chromatog-
raphy/mass spectroscopy instruments
that allow separation of thousands of pro-
teins and accurate sequence assignment
based on mass spectroscopic identifica-
tion using mass and charge characteris-
tics (Yates et al. 2009).

Similar to proteomics, metabolomics
involves separation of complex metabolic
mixtures by liquid or gas phase chroma-
tographies (LC, GC) followed by mass
spectroscopy (MS) or other chemical ana-
lytical procedures (Goodacre et al. 2004).
These basic techniques have been com-
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bined in various configurations to achieve
better separation and identification of
the analyzed mixtures (Putri et al. 2013).
The bottleneck of metabolomics is the
poor knowledge about many metabolites
which, although well-detected as molecu-
lar entities, remain ‘unknown’ as chemical
structures and are thus uninformative with
respect to the underlying metabolic mech-
anisms.

In addition to understanding the vari-
ous levels of information flows (e.g., DNA-
RNA-protein-metabolite), some novel ap-
proaches attempt to understand the dy-
namic nature of DNA, particularly related
to its regulation. These include the study
of the epigenome where the DNA histone
chemical modifications (e.g., methylation,
acetylation) patterns are studied on a ge-
nome scale using bisulfide sequencing
(Frommer et al. 1992) and chromatin im-
mune precipitation (ChIP)-seq technolo-
gies (Barski et al. 2007, Mikkelsen et al.
2007). These techniques involve selective
isolation of modified DNA variants and their
subsequent sequencing using one of the
next-gen platforms (Brinkman et al. 2012).
This allows mapping of different modifica-
tions onto the genome space and associa-
tions of modification patterns with various
factors (e.g., developmental and physio-
logical phases). Such techniques provide a
glimpse into a new type of polymorphisms,
one that may act beyond the changes in
nucleotide sequences but are rather im-
printed through DNA modifications. This al-
lows a more plastic and faster adjustment
to rapidly changing conditions that does
not require generations and cycles of natu-
ral selection to fix/enrich the most adaptive
variants. The importance of epigenetic pol-
ymorphism to phenotypic diversity and its
potential role in plant evolution have been
recently shown (Becker et al. 2011, Pasz-

kowski and Grossniklaus 2011, Schmitz et
al. 2011). For example, promoter hyper-
methylation of the FLOWERING WAGEN-
INGEN (FWA) gene in Arabidopsis delays
transition to flowering and is maternally
expressed likely through genetic imprint-
ing (Fujimoto et al. 2008). Intriguingly,
epigenetic states can be environmentally
induced and thus could be of significant
value to adaptation, particularly under fast-
changing conditions (Lang-Mladek et al.
2010). An epigenetic mechanism contribut-
ing to fast climatic adaptation and involving
microRNAs has been described in spruce
(Yakovlev et al. 2010).

The ultimate goal of all these and other
‘omics’-scale endeavors is to create the
foundations for integrated, comprehen-
sive system-based approaches to under-
standing biological processes (Long et al.
2008, Weckwerth 2011, Fig. 1). These ap-
proaches require new methods and pre-
dictive algorithms and models to accom-
modate the disparate nature of the data
streams and the uncertainties about the
underlying causative relations and mech-
anisms (Keurentjes et al. 2011, Saetzler
et al. 2011).

Applications of Genomics
in Forestry Research

Advances in genomics have been ex-
tremely empowering in many fields of re-
search, including forestry. Early genomics
efforts encompassed generation of EST
resources in species of economic and en-
vironmental significance from the genera
Pinus, Picea, Eucalyptus, Quercus and
Populus. These efforts were tailored to-
wards discovery of genes in various regu-
latory and metabolic processes of interest.
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For example an intensive area of research
was the wood-forming and particularly
the lignin biosynthetic pathway. Although
these first genomics projects did not ex-
tensively characterize the respective
genomes, they provided important infor-
mation about critical genes and enabled
translation approaches based on homolo-
gies to model systems like Arabidopsis,
where the processes were much better
understood (Allona et al. 1998, Kirst et al.
2003). ESTs also empowered the genera-
tion of the first cDNA microarrays that al-
lowed simultaneous interrogation of large
numbers of genes involved in various
processes in trees (Brinker et al. 2004,
Hertzberg et al. 2001). The information
generated through these EST projects in
Populus was instrumental in the assembly
and annotation of the first poplar tree ge-
nome (Tuskan et al. 2006). Finally, ESTs
became a rich source for discovery of
polymorphic markers that can be used in
Quantitative Trait Loci (QTL) and physical
mapping research (Liewlaksaneeyanawin
et al. 2004, Varshney et al. 2005).

The collection of EST genomic infor-
mation logically further escalated into
whole-genome sequencing. This was first
accomplished in Populus (Tuskan et al.
2006). The poplar genome was relatively
small, well-mapped and abundant EST re-
sources were available. The convergence
of these factors allowed its successful se-
quencing, assembly and annotation. Since
the originally published draft, the poplar
genome has been updated several times
to include some unresolved gaps and in-
corporate previously unmapped scaffolds
(DNA fragments comprising tens of thou-
sands of base pairs) into the genome se-
quence. The home of the poplar genome
is the phytozome.net site, and it includes
a genome browser and a rich resource for

comparative genomics with other woody
and herbaceous plants. The sequencing
of the poplar genome is now followed by a
number of other whole genome sequenc-
ing efforts of forest trees. These include
eucalypt, pine and spruce (Mackay et al.
2012, Neale and Savolainen 2004, Nyst-
edt et al. 2013). In addition, several spe-
cies of trees and vines with importance
to the fruit industry, like peach, apple and
grapevine, were also sequenced (Jaillon
et al. 2007, Velasco et al. 2010, Verde et
al. 2013).

The genomics resources generated
through these projects are empowering
in several ways and have been tailored
to facilitate breeding and biotechnologi-
cal approaches to improve biomass yield,
quality and resistance to biotic/abiotic
stresses (Brinker et al. 2010, Guerra et
al. 2013, Quesada et al. 2010, Ralph et
al. 2006, Wegrzyn et al. 2010). Because
sequencing projects were funded through
public sources, the majority of this data is
publicly available through online outlets
(Table 1). The primary goal was and still is
the detection of polymorphisms that can
be used to assist breeding efforts by pro-
viding genotypic predictions to phenotypic
variability in traits of economic and/or en-
vironmental significance. Initially, this was
achieved using QTL and more recently
association genetics (Brown et al. 2003,
Gonzalez-Martinez et al. 2007, Quesada
et al. 2010). The genome-wide availability
of markers has also spurred interest in ap-
plying genome-wide selection approaches
(Harfouche et al. 2012, Meuwissen et al.
2001, Resende M.D. et al. 2012, Resende
M.F. et al. 2012)

In addition to the purely applied aspects
of genomics research in breeding, there
has been considerable interest in using
genomics information for gaining more
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fundamental understanding of processes
that are typical for woody perennials and
that are difficult or impossible to approach
in herbaceous annual systems. These in-
clude wood formation, bud dormancy and
some symbiotic interactions like mycorhizal
associations (Brunner et al. 2004, Jansson
and Douglas 2007). These studies are pre-
dominantly performed in poplar because of
an efficient transformation system, which
is not available or is difficult in any of the
other trees species with significant genom-
ics resources (Busov et al. 2005a, 2005b).
Because of this, poplar has emerged as
a ‘model’ taxon for understanding woody
perennial development (Wullschleger et
al. 2002). The importance of transforma-
tion as a functional tool in poplar has been
reviewed elsewhere (Busov et al. 20053,
2005b; Flachowsky et al. 2009). Briefly, the
transformation can generate dominant le-
sions through using upregulation or gene-
silencing mediated suppression of gene
activity (e.g., RNAi or amiRNA). These
dominant approaches bypass the long
generation time and outcrossing system in
trees, which makes performing traditional
genetics, requiring rounds of selfing or
close-relative mating to expose recessive
mutations, an impractically long process.
Several recent studies have demonstrated
the power of these approaches in poplar
(Bohlenius et al. 2006, Du et al. 2009, Hsu
et al. 2006, Leple et al. 2007, Pilate et al.
2002, Plett et al. 2010, Rohde et al. 2002,
Ruttink et al. 2007). In addition to validation
function of known and/or candidate genes
(reverse genetics), these approaches
could also be used to find genes de novo
through forward genetics by generating a
population of T-DNA insertional mutants
(Busov et al. 2010; Busov et al. 20053,
2005b; Busov et al. 2003; Fladung et al.
2004; Fladung and Polak 2012; Harrison

et al. 2007; Plett et al. 2010; Yordanov et
al. 2010). The availability of genome se-
quence makes these approaches the fast-
est and most straightforward path to link-
ing phenotypic to genotypic variation. The
presence of known sequence (T-DNA) that
affect gene function allows rapid recov-
ery of sequences flanking the T-DNA and
thus positioning the lesion in the genome
sequence and providing the link between
phenotypic changes and their genetic
bases. The combination of transgenic ma-
nipulations with other ‘omics’ approaches,
like for example transcriptomics, allows
unprecedented insight into the regulatory
mechanisms that underlie diverse biologi-
cal processes and traits (Fig. 2).

The use of genomics has also recent-
ly been extended outside the traditional
genetics area, into the ecology research
arena. Genomics approaches in ecology
have been known as metagenomics (be-
yond genomics) (Riesenfeld et al. 2004,
Singh et al. 2009, Venter et al. 2004). This
is an extremely promising and yet still un-
der-employed area of research. In a nut-
shell, the presence of DNA from specific
organism is indicative of its occurrence in
a particular ecosystem (Simon and Daniel
2011). This is particularly interesting in elu-
cidating the structure of microbial commu-
nities, which in many instances are impos-
sible to study otherwise because cannot be
readily cultured (Schloss and Handelsman
2005) and thus their presence and abun-
dance is difficult to impossible to track with
conventional culturing methods. These
approaches not only provide estimates
of presence/absence but also can quan-
tify the composition, as well as shifts in
the microbial communities in response to
various experimental factors. Furthermore,
RNA-seq (see above) or proteomics ap-
proaches applied to the same systems can
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go a step further and not only identify the
microbes in a sample but also what they
are engaged in with respect to, for exam-
ple, metabolic activities (Carvalhais et al.
2012, Simon and Daniel 2011, Wilmes and
Bond 2006). This provides unprecedented
insights into the function of the ecosystems
at a new level that has been previously
nearly ignored because of the lack of tools
to approach it. Several recent studies have
shown the power of this approach. A study
in the root system of Arabidopsis plants
has shown that specific soil samples drive
particular endophytic communities associ-
ated with these samples (Lundberg et al.
2012). The development of these com-
munities showed predictable and repeat-
able patterns, suggesting the existence of
established and evolutionary conserved
microbial-plant interactions.

The Road Ahead

One of the grand challenges in the ‘post-
genomic’ area is the integration of all data

streams into biological coherent informa-
tion. This will require novel approaches
for analysis, visualization and modeling.
Ultimately, these integrative approaches
will result with what is now known as virtu-
al plant, best exemplified in the iPlant pro-
ject (http://www.iplantcollaborative.org/).
An even further-reaching project known
as KBase (http://kbase.science.energy.
gov/) is attempting to extend these inte-
grative approaches to ecosystem scales.
This will require novel software and ana-
lytical tools but also unprecedented com-
putational power that can accommodate
the demands of the analyses.

Enormous technological steps have
made genomics, transcriptomics, prot-
eomics and metabolomics approaches
that are scalable to full genome scale. In
stark contrast, and despite its prominent
role in the system biology approaches (Fig.
2), genetics has remained a low through-
put and generally a bottleneck. Therefore
major technological breakthroughs are
needed so that genetics measures to the
power and throughput of the other ‘omics’

Table 1. Publicly available genomics resources for various tree species.

Species/Genera/Family

Web site

Various european conifer and decidious tree
species

Quercus spp.

Eucalyptus spp.

Various hardwood tree species of North America
Tree species of Fagaceae family

Populus spp.

Populus spp.

Tree and herabceous species of Rosaceae
family

Various conifer species and Populus spp.
Various conifer species

Pinus taeda

Various conifer species

http://www.evoltree.eu/index.php/e-resources

https://w3.pierroton.inra.fr/QuercusPortal/index.
php?p=0AK_GENOME_SEQUENCING
http://web.up.ac.za/eucagen/
http://www.hardwoodgenomics.org/
http://www.fagaceae.org/home

http://popgenie.org/

http://treesbio.com/

http://www.rosaceae.org/
http://www.arborea.ulaval.ca/

http://www.treenomix.ca/
http://pinegenome.org/pinerefseq/

http://congenie.org/
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Proteomics

Transcriptomics

Genomics

Metabolomics

Other ‘omics’

Modeling and inferences

N

Validation

< Genetics

v

System knowledge

A 4

Advanced breeding and management practices

Fig. 1. Role of ’omics’ approaches in generation of system level knowledge
about biological systems.

Note the central place of genetics (indicated by red arrows) at various levels of generating, validating and
implementing system knowledge. Genetics indicate both traditional and transgenic approaches
for genetic analyses.

technologies. This is particularly important
in the generation strong gain and loss-of-
function mutations that are most effective in
elucidation the gene function. Among plant
species, it is only Arabidopsis that has mu-
tagenized populations that approach ge-
nome coverage (Alonso et al. 2003). Such
populations are not feasible in many spe-
cies and thus require innovative approach-
es to generate viable alternatives. Some
innovations involving zinc finger nucleases
show promise but their utility across many
species remains to be proven and are by

no means are approaching even moderate
throughout scale (Zhang et al. 2010).
Ultimately and most importantly,
genomics has to yet decisively enter real
mainstream life. Despite the technologi-
cal democratization, genomics is still a
privilege of science laboratories that can
afford monetarily and intellectually the de-
mands of such investigations. Although,
the cost per base pair has been steadily
and dramatically decreasing, these costs
are based on high sample volumes requir-
ing significant investments worth thou-
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GA-deficient

Fig. 2. Transgenics and ‘omics’ approaches provide a powerful system for molecular
dissection of traits and processes.

GA-deficient and insensitive transgenic poplars are shown on the picture (Fig. 2). Note the characteristic
dwarf phenotype of the GA-modified plants (left and middle) when compared to WT (right). A total of 1600
differentially regulated genes were found in the GA-insensitive and deficient poplars when compared to WT.
Generation and characterization of the transgenics was previously described (Busov et al. 2006; Busov et
al. 2003; Elias et al. 2012; Gou et al. 2010; Zawaski et al. 2011a, 2011b). The figure shows 168 upregulated
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genes in the leaves of the GA-deficient and GA-insensitive poplar transgenics compared to WT. The picture
at the top shows representative plants of each genotypic class as specified at the branches of the cluster and
positioned above the respective columns showing the differentially regulated genes in each genotype. The
figure was generated using hierarchical clustering. Colors indicate levels of expression as shown in the scale
bar. Blue highlights indicate groups of genes and/or genotypes. WT=wild type.

sands of dollars. Therefore genomics has
yet to become intellectually and economi-
cally approachable. This would require
better genomics education, data sharing
and significant expansion of ‘genomics’
service industry. In addition, genomics
faces significant ethical problems related
to intellectual property rights and the pa-
tentability of sequence data. Therefore
one of the grand challenges in the future
is making genomics and other ‘omics’ ap-
proaches intellectually, economically and
sociably feasible and acceptable.
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