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ABSTRACT. The advent of high throughput genomic technologies has
opened new perspectives in the speed, scale and detail with which one
can investigate genes, genomes and complex traits in Eucalyptus spe-
cies. A genomic approach to a more detailed understanding of important
metabolic and physiological processes, which affect tree growth and
stress resistance, and the identification of genes and their allelic vari-
ants, which determine the major chemical and physical features of wood
properties, should eventually lead to new opportunities for directed ge-
netic modifications of far-reaching economic impact in forest industry. It
should be kept in mind, however, that basic breeding strategies, coupled
with sophisticated quantitative methods, breeder’s experience and
breeder’s intuition, will continue to generate significant genetic gains
and have a clear measurable impact on production forestry. Even with a
much more global view of genetic processes, genomics will only suc-
ceed in contributing to the development of improved industrial forests if
itis strongly interconnected with intensive fieldwork and creative breed-
ing. Integrated genomic projects involving multi-species expressed se-
quence tag sequencing and quantitative trait locus detection, single nucleo-
tide polymorphism discovery for association mapping, and the deve-
lopment of a gene-rich physical map for the Eucalyptus genome will
quickly move toward linking phenotypes to genes that control the wood
formation processes that define industrial-level traits. Exploiting the full
power of the superior natural phenotypic variation in wood properties
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found in Eucalyptus genetic resources will undoubtedly be a key factor
to reach this goal.

Key words: Eucalyptus, Genomics, QTL, Association mapping,
Genolyptus

INTRODUCTION

Wood is a raw material used globally in several forest-based industries that generate
millions of jobs and billions of dollars in revenues involving pulp and paper, steel, and solid wood
products, among others. It is in this remarkable world industry, where increased forest
productivities and refinements in the quality of wood products have become increasingly impor-
tant, that genomics expects to provide additional tools to help breeders increase and accelerate
gains. Prospects of fast and accurate methods for early marker-based selection in trees have
been announced during the last 10 years. Although significant progress has been made in the accu-
mulation of knowledge of tree genomes and concerning the function of a still relatively small group
of genes, mainly involved in lignin biosynthesis, it has become clear that various challenges still
remain before more refined and higher impact applications can be implemented so as to fully
realize the promises of genomics for forest trees, and more specifically, for Eucalyptus.

A number of groups throughout the world are developing dynamic molecular biology
research projects with forest trees, mainly involving Pines, Poplars and Eucalypts. Reviews of
the status of some of these efforts were published recently (Jain and Minocha, 2000). Now in
2004, further significant advances have been made, including the completion of an 8X draft
sequence of the Poplar genome, the first tree to have its full genomic sequence made available
to the public (Bradshaw et al., 2000; Tuskan, 2004). In Brazil, two large-scale eucalypt genomic
research initiative projects were started in 2001 and 2002, respectively: the ForEst project, an
EST sequencing initiative in the State of Sdo Paulo, and the Genolyptus Project - Brazilian
Network of Eucalyptus Genome Research, which involves a nationwide network of labs and
forestry companies devoted to an integrated molecular breeding approach (Grattapaglia, 2003).
It is our understanding that the eventual success of such initiatives, and in fact of any other
forest tree genomic research project, will depend on a few prerequisites:

a) A multidisciplinary approach, involving scientists from the very diverse areas of ge-
netics, biochemistry, molecular biology, breeding, statistics, phytopathology, and wood technol-
ogy among others;

b) The systematic construction of a full array of genomic resources, including a com-
prehensive expressed sequence tag (EST) database, large sets of transportable hypervariable
co-dominant molecular markers, high resolution genetic maps, physical maps of large genomic
fragments, bioinformatics, and statistical genomic tools;

c¢) The generation of experimental biological resources specifically targeting genomic
experiments, i.e., segregating populations for the most relevant traits, collections of clones with
contrasting phenotypes, specific populations with different degrees of linkage disequilibrium for
association mapping studies, and eventually for positional cloning of genes;

d) Intensive phenotyping efforts, involving the establishment of a large network of field
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experiments for silvicultural trait measurements, bioassays for disease resistance screening and
the optimization of high-throughput wood quality trait determination methods that allow the as-
sessment of large numbers of samples;

e) Integrative experimental approaches between genetics and genomics that can reap
the full benefit and resolution power from quantitative genetics methods to sequencing and
mapping technologies.

GENETIC RESOURCES FOR EUCALYPTUS GENOMICS

While genomic resources, such as EST databases, bacterial artificial chromosome (BAC)
libraries, molecular markers, and microarray supplies, should become increasingly more easily
available and should not be a limiting factor in the near future, biological resources and precise
phenotyping represent the real limitation of many genomic projects in many instances (Morgante
and Salamini, 2003). Especially in forest trees, where generation times and phenotype assess-
ment can take years, the availability of ideal experimental populations should be one of the main
targets in any genomic level project. In this context, the driving principle of eucalypt genome
initiatives should be that there is ample genetic variation within the genus Eucalyptus, and more
specifically within the subgenus Symphyomyrtus, to allow profound genetic modification of the
current planting stock in Brazil. For example, Eucalyptus globulus contrasts with commonly
used tropical species, such as E. grandis, E. urophylla and E. camaldulensis, as it has a
number of wood properties that are extremely interesting for industry. Eucalyptus globulus
germplasm stands out as a very rich source of genetic variation for all the target wood traits, and
therefore it is a key resource for eucalypt genomic research, especially for the pulp and paper
industries. It is now well known by breeders and wood technologists that E. globulus has the
best combination of wood properties for pulp and paper among the commercially planted Euca-
lyptus species, resulting in a high pulp yield, requiring approximately 25% less wood to produce
a ton of cellulose. While only 2.98 cubic meters of E. globulus wood are required per ton of
pulp, 3.89 cubic meters are needed from E. grandis. Eucalyptus globulus has a very adequate
wood density, in the range of 550 kg/m?, the longest fiber length and the greatest content of
holocellulose and pentosans among all intensively planted Eucalyptus species (Sanchez, 2002).
Therefore, even though it has slow growth rates, due to its temperate origin, E. globulus wood
is currently the preferred raw material for mills, generating a pulp that has increasingly been
seen as a distinct and superior product by the market.

Considerable experimental data from hybridization experiments in Brazil are already
available to clearly demonstrate that the introgression of temperate E. globulus alleles into
tropical hybrid breeding programs, coupled with clonal propagation of selected individuals, will
result in significant reductions in wood consumption (T. Assis, personal communication). Most
Brazilian breeders are currently investing heavily, based on the potential impact that the use of
E. globulus could have in their programs. It is now just a matter of time and systematic invest-
ment for such gains to reach industry. This same trend was also transferred to the ongoing
construction of the biological resources for genomic research in the Genolyptus project.

QUANTITATIVE TRAIT LOCUS MAPPING

The construction of a comprehensive microsatellite-based linkage map for commercial
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species of Eucalyptus is now well advanced (Brondani et al., 1998; Brondani and Grattapaglia,
2002). In the context of Genolyptus, a target was established to develop and map 1,000 micro-
satellite markers. Sources for this large number of microsatellites are now becoming available,
not only from the enriched library approach, but also from a shotgun genomic library, a large set
of ESTs, and from BAC end sequences. The availability of transportable, multiallelic, PCR-
based co-dominant microsatellite loci provides a fundamental tool to carry out linkage and quan-
titative trait locus (QTL) analysis in eucalypts and allows researchers to move from phenotypes
to target genomic regions controlling traits of interest. Transportability of marker loci among
pedigrees across species of the same subgenus (Marques et al., 2002) should facilitate the
information exchange and comparison of QTL mapping data. The determination of interspecific
QTL synteny will allow a directed search for new allelic variation at known QTLs within and
among species, expanding the opportunities for marker-assisted introgression and marker-as-
sisted selection (MAS) in hybrid breeding. Molecular marker maps have been successfully used
to detect major effect QTLs for wood properties in rotation age traits such as volume growth,
wood specific gravity, bark thickness, and stem form in Eucalyptus (Grattapaglia et al., 1996;
Verhaegen et al., 1997) and for several wood traits such as pulp yield at kappa 18, alkali con-
sumption at kappa 18, basic density, oven-dry lignin content, extractives-free lignin content,
extractives content, cellulose content, heat content, fiber length, and fiber coarseness using
near-infrared analysis of wood core samples (Myburg et al., 2001).

The genetic architecture of quantitative traits will eventually determine the impact on
breeding of knowing the genes underlying a given trait. Even if all the genes are known and
mapped, the efficiency of MAS will always be less than phenotypic selection, if they follow the
infinitesimal model (Bernardo, 2001). However, the evidence available until now indicates that
major-effect genes do exist. A realistic strategy for the implementation of MAS in Eucalyptus
might be to tackle only a few major QTLs for a quality trait of significant added value. With the
advent of more efficient marker technologies, such as co-dominant microsatellites, the contin-
ued mapping of major QTLs of trees, and the revision of breeding and deployment strategies to
better exploit within-family variation, the prospects for using MAS in advanced generation breeding
of eucalypts are promising (Grattapaglia, 2000).

ASSOCIATION MAPPING

With the rapid advancement of genome projects generating a large amount of sequence
information and single nucleotide polymorphism (SNP) (one-letter variations in the DNA se-
quence that contribute to differences among individuals) data, plant genomics has experienced
a growing interest in an alternative approach for the identification of genes underlying quantita-
tive traits. The new model is based on the possibility of investigating sequence variation directly
in genes and not at anonymous linked markers. This approach exploits candidate gene sequence
variation, and it relies on the existence of linkage disequilibrium (non-random association be-
tween alleles at linked loci) between detectable sequence polymorphism, SNPs and quantitative
trait nucleotide, which ultimately determines the patterns of phenotypic variation.

From an operational point of view, the candidate gene approach has the advantage that
once a major effect gene is determined and validated, MAS could then be practiced directly on
the gene and, therefore, would not rely on the need for strong association (linkage disequilib-
rium) between the marker allele and the favorable allele of the gene of interest.
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One of the key issues when embarking in an association mapping experiment is the
selection of candidate genes. This is not an easy task, and every effort should be made to
maximize the probability of choosing the proper genes. The choice of candidate genes is an
elusive target for the majority of phenotypes relevant to forest trees. It requires knowledge of
biochemistry, physiology, and development, which is generally not available even for well-de-
fined phenotypes and/or known metabolic pathways. The criteria generally used in the choice of
candidate genes include: 1) knowledge of the biochemical role of enzymes, such as those in-
volved in lignin biosynthesis; 2) inference of function based on significant similarities to other
sequences in databases; 3) existence of loss of function of mutants in model plants, such as
those available in Arabidopsis; 4) co-localization of gene and QTL for the relevant trait on
linkage maps, always with the understanding that the probability of the gene being in fact the
correct candidate depends heavily on the precision of the QTL localization; 5) differential gene
expression patterns assuming that differentially expressed genes are the causal agents of the
observed phenotypic variation, which is many times not the case, and 6) differential expression
at the protein level between contrasting phenotypes.

Testing the role of a candidate gene can be carried out by a conventional co-segrega-
tion analysis in structured segregating populations, in which the gene is used as a marker in the
attempt to relate the sequence polymorphism in the gene with variation in the quantitative trait.
Allelic variation at the gene is defined by haplotypes, comprising a number of SNPs. The major-
ity of SNPs have no effect, but some cause subtle differences in the final effect of the gene and
hence the phenotype. Allelic variations are revealed by DNA sequencing of fragments of can-
didate genes. Significant differences in phenotypic means among candidate gene haplotype
classes should identify candidate gene alleles with the greatest effect on the trait of interest.
Another approach to test and validate candidate genes is to look for SNP-phenotype associa-
tions in germplasm collections or in natural populations with contrasting phenotypes. The objec-
tive again is to correlate the distribution of candidate gene genotypes in the form of DNA
sequences with relevant phenotypes.

Some laboratories have started association mapping work for wood traits, both in Pines
(Brown et al., 2001) and in Eucalyptus (Moran et al., 2001; Thamarus et al., 2002), by sampling
trees in the wild or from breeding programs that display contrasting phenotypes for wood quality
traits. We have recently started such an effort in the context of the Genolyptus project, exploit-
ing a large constructed EST database and the BAC library resource. We are also interested in
estimating the extent of linkage disequilibrium, both in genes and in random genomic sequences,
in different types of populations and species, so as to have a better idea of the prospects and
difficulty of establishing useful associations. Care has to be taken, however, in properly choos-
ing populations or germplasm collections so as to avoid or minimize spurious false positive asso-
ciations that are not in cis, i.e., due to linkage, but rather due to historical events, such as recent
hybridizations. A number of genes, mainly involved in lignin and cell wall biosynthesis, and in
floral development, as well as those coding for transcription factors, will most likely be the first
choice for candidates.

EST databases have been important sources of information for the selection of candi-
date genes for mapping and association studies. EST sequencing quickly generates a large
index of partial genes for the organism of interest, making them available in organized collec-
tions of clusterized sequences for further molecular investigation. With such collections of genes,
resources are then applied to their characterization rather than their isolation, significantly ac-
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celerating the rate at which genetic research can be carried out. Moreover, such a random
cDNAs sequencing approach can yield useful information about the relative expression levels
of the corresponding genes in different tissue samples based on the number of times that a
particular gene sequence is found in a particular tissue.

In the Genolyptus project, we have now completed an initial database of over 120,000
valid EST sequences derived from several different cDNA libraries, with increased focus on
xylem transcripts. Several thousand cDNA clones were sequenced from E. globulus, E.
grandis, E. pellita, and E. urophylla xylem and phloem libraries that were derived from a
number of individuals for each species; thus, several alleles for candidate genes are now avail-
able. Opportunities now exist for SNP discovery both at the inter- and intraspecific levels. With
this rich genomic resource in hand, experiments can now be carried out to test whether pheno-
typic differences in wood quality traits between E. grandis and E. globulus can be attributed to
specific sequence differences in coding regions of candidate genes. However, we should not
overlook the fact that sequence differences in regulatory regions of such genes could also play
an important role in the definition of phenotypes. The search for those sequence polymorphisms
is certainly a more challenging task that will depend, among other factors, on having an ad-
equate genomic resource in the form of a physical map.

PHYSICAL MAPPING

Finding a single gene in a complex genome requires a set of powerful tools. Most
relevant traits are controlled by unknown genes that can be genetically mapped but are not
easily identified. Genetic maps based on recombination frequencies among markers provide
only megabase level resolution. In Eucalyptus, for example, 1% recombination between two
markers or between a marker and a gene corresponds on average to 500,000 base pairs of
DNA, which can contain several tens of genes (Grattapaglia and Bradshaw Jr., 1994). Se-
quencing of ESTs provides expressed gene tags but not the full gene and its regulatory se-
quences.

To learn the gene’s precise location and structure, so as to isolate it, map-based cloning
strategies integrated with physical mapping technologies are necessary. A physical map is an
intermediate level of resolution between genetic maps and the full genome sequence, and it
represents the necessary framework for full genome sequencing efforts. The availability of a
physical map that is tightly linked to the genetic map and the mapping onto it of ESTs represent-
ing a large number of candidate genes, could make positional cloning feasible, once the genetic
mapping of QTL regions is performed.

By cloning large fragments of DNA of around 150,000 base pairs of DNA in special
vectors, such as BAC, it is possible to maintain a complete genome for detailed studies. By
sequencing the ends of such fragments, and by fingerprinting them with a combination of high
throughput techniques (Luo et al., 2003), these can be arranged in overlapping sets of contigu-
ous fragments (contigs), building physical maps. These maps can then be anchored to the ge-
netic maps by the location of the shared molecular markers. This approach allows, for example,
the construction of localized physical maps in genomic regions that genetic linkage mapping has
revealed as containing a QTL for some important trait.

The construction of partial physical maps, localized in specific regions of the genome,
with the objective of gene isolation, will become a common theme as genomic projects of forest
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trees advance. Initially, this should be particularly interesting for qualitative traits, such as some
disease resistance (Junghans et al., 2003) or flowering traits. In fact, once a genomic region
identified by QTL mapping is narrowed down to a small contig of BAC clones, specific frag-
ments could be used in transgenic experiments to prove function and eventually to generate a
transgenic tree. The investigation of genes underlying quantitative traits would then be the next
step. In this context, a complete physical map for Eucalyptus certainly is a valuable resource
for all molecular studies in Eucalyptus for years to come. With this concept in mind, we have
undertaken this task in the Genolyptus project. A Eucalyptus grandis BAC library with over
70% of the inserts with over 150 kb has been built in Brazil (S. Brommonschenkel, personal
communication), and the fingerprinting phase is now beginning. Although E. grandis was the
obvious choice, as it constitutes the genetic base of most planted Brazilian elite gemplasm, we
are now in the process of building a second BAC library from E. globulus. Accumulated
evidence indicates that genomic homology and locus ordering between E. grandis and E. globulus
is very high (Marques et al., 2002; Myburg et al., 2003). It is, therefore, not in our immediate
plans to also build a physical map for E. globulus, but rather to use the physical/genetic map-
ping information derived from E. grandis to identify and explore specific genomic regions in E.
globulus, by using its BAC library. It will be possible, for example, based on the map informa-
tion derived from E. grandis, to clone the full homolog genes from E. globulus, and thus
compare in detail the regulatory regions that could be responsible for differential patterns of
gene expression and resulting phenotypic variation.

GENOLYPTUS - “BRAZILIAN NETWORK OF EUCALYPT GENOME
RESEARCH”

The Genolyptus project (http://genolyptus.ucb.br) was conceived to establish a founda-
tion for a genome-wide understanding of the molecular basis of wood formation and disease
resistance in Eucalyptus. This initiative is based on the generation of a suite of biological and
information resources to discover, sequence, map, validate, and understand the underlying variation
of genes and genomic regions of economic importance in Eucalyptus, with a focus on wood
formation and disease resistance. The project is based on a strong partnership among the Bra-
zilian federal government, through the MCT-Fundo Verde Amarelo, the academic/research sec-
tor represented by seven Universities and Embrapa, and industry, represented by 13 forestry
companies. Both following and in parallel with this pre-competitive phase, forest companies and
public institutions are expected to develop competitive projects in various organizational formats
to translate the genomic platform into improved directional tree breeding technologies.

We are investing heavily in the generation and consolidation of the necessary biological
resources for genomic research, with an intense effort devoted to field experiments to generate
the diversity of phenotypes necessary to study gene function. QTL detection, the discovery of
SNP haplotypes for association mapping, and physical mapping will link the phenotypes to genes
that control processes of division, expansion, secondary wall formation, lignification, and pro-
grammed cell death, which together define industrial level traits, such as wood-specific con-
sumption. The gene discovery/expression effort, based on EST sequencing and microarray
profiling, is focused much more on looking transversally at the existing interspecific allelic varia-
tion in relevant genes involved in xylogenesis than longitudinally at the total number of genes in
Eucalyptus.
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The project is organized in nine subprojects, corresponding to nine themes, each one
coordinated by specific scientists with experience in the area. Due to the interdisciplinary na-
ture, however, the project displays a matrix format in terms of the action of the research teams,
by which most experiments actually are built upon close collaborations amongst the subprojects.
These subprojects are:

1. Generation and deployment of experimental populations in field experiments. This
will be the backbone of the project and has contemplated the generation of several families of
1000+ individuals each, as well as the consolidation of association mapping populations.

2. Optimization of high throughput technologies for indirect wood quality determina-
tions. A number of technologies such as near infrared spectroscopy were optimized and further
investigated for the rapid assessment of wood physical and chemical traits in the large experi-
ments deployed.

3. Genetic basis and identification of disease resistance genes. Building upon consider-
able existing knowledge of bioassays and segregating families, we are carrying out basic genet-
ics studies, linkage mapping, and eventually, map-based cloning of resistance genes for a num-
ber of fungal/bacterial pathogens that have displayed growing importance in eucalypt planta-
tions in Brazil.

4. Genetic mapping of QTLs for wood quality traits. With over 1000 microsatellites
available from both genomic and EST sequences, and hundreds of candidate genes, reference
linkage maps have been built using different segregating families. Another level of QTL detec-
tion precision and validation power for wood traits is expected with more markers and the large
and clonally replicated experiments, leading to narrower genetic regions, to then move to physi-
cal mapping efforts.

5. BAC library construction and physical mapping. Efforts have been devoted to build-
ing a genomic resource in the form of two high-quality and deep coverage BAC libraries for E.
grandis and E. globulus, to allow isolation of the complete genes, including promoter regions.
A full physical map for E. grandis is under construction, using fluorescent fingerprinting tech-
nology. BAC contigs are being anchored to the genetic maps by a combination of approaches,
and ESTs for candidate genes are being mapped to such BACs. Anchoring the physical map to
the genetic map will allow focusing on genomic regions that linkage mapping reveals as contain-
ing QTLs for important traits.

6. Sequencing of the eucalypt transcriptome. A moderate-scale EST sequencing project
with a 120,000 reads target was completed in November 2003. Several libraries were built, with
a focus on xylem tissue from different species. This resource-building task has supplied se-
quence information for EST mapping, both physically and genetically, as well as biological re-
agents for microarray expression profiling.

7. Expression profiling using microarrays. Within the scope of the proposed project,
pilot experiments are being carried out to investigate gene expression profiles in contrasting
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states or phenotypes. The phenotypic diversity and possibility of clonal replication will be signifi-
cant assets for the development of this technology for eucalypts.

8. Bioinformatics for the analysis, integration and accessibility of genomic data. This
subproject is characterized by the development of a set of informatics tools to analyze and
translate the data generated into a usable format by all the project participants. The challenge
proposed is to integrate, not only sequence information, but also physical mapping data, QTL
mapping data, expression data, and field experiment data, in an accessible form for annotation
and use.

9. Quantitative methods and statistical genetics tools. This subproject has the objective
to coordinate all the efforts devoted to the development and application of quantitative methods
to analytical tools throughout all the subprojects. Besides implementing methods and software to
analyze and extract information from the genomic mapping data, we plan to develop and make
available to the breeders some basic tools to initiate the integration of genomic data into their
breeding procedures.

CONCLUSIONS AND PERSPECTIVES

As several genome projects in forest trees are advancing, further expectations will be
generated in the forest tree breeder’s community. The understanding should be, however, that
genomic technologies will essentially provide information, not answers. The advent of genomics
has nevertheless changed the way that we think about molecular genetics and has made it even
harder to speculate on what can and cannot be done. Until a few years ago, molecular geneti-
cists used to think of genes as acting linearly, i.e., gene A, once expressed, caused a particular
reaction by gene B, and so on. The way that experiments were conducted was limited by the
technology of studying one gene at a time. Nowadays, the ability to study the expression of
thousands of genes in parallel has definitely changed that view.

Eucalypts are still in the earliest stages of breeding, and the major genetic changes that
typically follow domestication have not yet been made. A genomic approach to a more detailed
understanding of important metabolic and physiological processes that result, for example, in
wood formation, and the identification of the genes that determine the major features of wood
properties should eventually lead to new opportunities for directed genetic modifications of far-
reaching economic impact. Furthermore, it is our understanding that even with powerful tools
that allow a global and integrated view of genetic processes, genomics will only succeed in
contributing to the development of improved eucalypts, if they are deeply interconnected with
intensive fieldwork and creative breeding. Exploiting the full power of the superior natural phe-
notypic variation for wood properties found in Eucalyptus genetic resources will undoubtedly
be a key factor to reach this goal.
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