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4.1
Introduction

4.1.1
History of the Crop

Origin and Evolution
Eucalyptus tree species, commonly referred to as eu-
calypts, are among the most planted hardwoods in the
world (Doughty 2000). They are generally long-lived,
evergreen species belonging to the predominantly
southern-hemisphere, angiosperm family Myrtaceae
(Ladiges et al. 2003). They are native to Australia and
islands to its north (Potts and Pederick 2000; Ladiges
et al. 2003), where they occur naturally from sea level
to the alpine tree line, from high rainfall to semiarid
zones, and from the tropics to latitudes as high as
43◦ south (Williams and Woinarski 1997). Eucalypts
are the dominant or codominant species of virtually
all vegetation types in Australia except rainforest, the
vegetation of the central arid zone, and higher mon-
tane regions (Wiltshire 2004). They are generally scle-
rophyllous and adapted to low nutrient soils (Eldridge
et al. 1993; Florence 1996; Specht 1996) and fire (Pryor
1976; Ashton 2000; Burrows 2002).

The eucalypt lineage is old, possibly extending
back to the Late Cretaceous – ca. 70 million years ago
(Hill et al. 1999; Ladiges et al. 2003; Crisp et al. 2004).
Their ancestors were likely to have been widely dis-
persed on the supercontinent of Gondwana, as there
are macrofossils ascribed to eucalypts of Eocene (55
to 34 Mya) age from northeastern Australia (Rozefelds

1996) and possibly Patagonia (Hill et al. 1999) and of
Miocene (27 to 10 Mya) age from New Zealand (Pole
et al. 1993) and Australia (Hill et al. 1999). The tec-
tonic isolation of Australia (ca. 32 Mya) led to cooler,
drier, and more seasonal climates and consequently
a transition from a rainforest-dominated flora to Aus-
tralia’s unique sclerophyll flora (Hill et al. 1999; Ladi-
ges et al. 2003; Crisp et al. 2004; Hill 2004). There is
little doubt that the current dominance of the Aus-
tralian continent by eucalypts is relatively recent and
linked with the onset of severe aridity during the
Late Miocene (10 to 7 Mya) and the present climatic
system of extreme wet-dry glacial cycles that com-
menced around 2.9 Mya (Crisp et al. 2004). The in-
creasing prevalence of fire played a significant role
in the transformation of the Australian biota over
this drying period (Kershaw et al. 1994), with euca-
lypts believed to have expanded from drier, central
regions of the continent into more coastal environ-
ments climatically suitable for fire-sensitive rainforest
taxa (Hill et al. 1999). The arrival of Aborigines on the
Australian continent at least 55,000 years ago and the
instigation of “fire-stick farming” would have contin-
ued this shift (Kershaw et al. 1994; Bowman 1998).

The latest molecular dating (Crisp et al. 2004) ar-
gues that divergence of the eucalypt genera and sub-
genera predated the final development of an ocean
between Australia and Antarctica ca. 32 Mya. While
molecular dating is contentious (Ladiges and Udovi-
cic 2005), it is suggested that diversification proceeded
steadily for at least 30 millions years before Australia
was isolated and continued thereafter. However, de-
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spite over 100 eucalypt species having been sequenced
for ITS (Steane et al. 2002), there is still insufficient
sampling to test for more recent rapid radiation (Crisp
et al. 2004).

Domestication of the Eucalypts
Following their discovery by Europeans in the late
18th century, eucalypts were spread rapidly around
the world (Zacharin 1978; Jacobs 1981; Eldridge et al.
1993; Doughty 2000). They were introduced early on
into countries such as India (c. 1790), France (c. 1804),
Chile (1823), Brazil (1825), South Africa (1828), and
Portugal (1829) (Doughty 2000; Potts et al. 2004) and
rapidly spread as the fast growth and good adaptabil-
ity of eucalypt species were recognized. Initially the
botanical gardens of southern Europe played a ma-
jor role in their introduction to other parts of the
world, including Africa and South America (Zacharin
1978). Later in the 19th century, large quantities of
seed were distributed directly from Australia. In other
cases, seed was collected from local exotic plantings
and, where multispecies plantings occurred, this of-
ten contained F1 hybrids (Potts and Dungey 2004).
While these F1 hybrids may have performed well,
subsequent seed collection from them often resulted
in plantations that performed poorly in subsequent
generations and were extremely variable, e.g., the Río
Claro hybrid in Brazil (Campinhos and Ikemori 1977;
Brune and Zobel 1981) and the Mysore hybrid in In-
dia (Varghese et al. 2000). In many countries where
eucalypts have been introduced for a long time and
continually reproduced from local seed sources, they
have formed landraces adapted to the specific envi-
ronment of the country (Eldridge et al. 1993).

The history of eucalypt breeding is detailed in
Eldridge et al. (1993) and Potts (2004). Some of the
earliest breeding was undertaken by French foresters
in Morocco in 1954-1955 (Eldridge et al. 1993). The
rise of industrial eucalypt plantations in the 1960s
saw a more formal approach to genetic improvement
with, for example, the commencement of the Florida
E. grandis breeding program in 1961 (Franklin 1986),
E. globulus breeding in Portugal in 1965-1966 (Dill-
ner et al. 1971; Potts et al. 2004), and establishment
of large provenance tests of E. camaldulensis in many
countries (Eldridge et al. 1993). Major advances oc-
curred in the 1970s with, for example, the first com-
mercial plantings of selected clones derived from
hardwood cuttings in the Congo (Martin and Quillet
1974) followed by Aracruz in Brazil and the establish-
ment in many countries of the first large base popu-

lation trials of species such as E. urophylla (Eldridge
et al. 1993) and E. globulus (Potts et al. 2004). These
trials were established from open-pollinated seed lots
collected from rangewide provenance collections and
formed the base for deployment and breeding popu-
lations in many countries (Eldridge et al. 1993). Many
other major international base population trials were
established through the 1980s for species such as
E. grandis, E. tereticornis, and E. viminalis and more
intensive collections of elite provenances identified in
earlier collections (Eldridge et al. 1993).

Eucalypts are still at the early stages of domes-
tication compared to crop species, with most breed-
ing programs only one or two generations removed
from the wild. However, eucalypts are fast becoming
among the most advanced genetic material in forestry,
with stock originating from the E. grandis program
in Florida already in its sixth generation (Potts 2004).
Domestication of eucalypts has proceeded faster in
countries like Brazil and South Africa that rely on
plantations for their eucalypt wood than in Australia,
where up until the 1990s wood products of eucalypts
were derived almost entirely from native forests. As
with other forest tree genera with long generation
times, there is the potential for eucalypt domestica-
tionprograms tobenefit tremendously fromgenomic-
era molecular technologies that could significantly
speed the process of genetic improvement.

4.1.2
Botany

Taxonomy
In the broad sense, eucalypts encompass species of the
genera Eucalyptus L’Hérit., Corymbia (Hill and John-
son1995), and AngophoraCav. (Ladiges 1997,Table 1).
A key feature of the majority of eucalypts is the fusion
of either the petals and/or sepals to form an oper-
culum from which the eucalypts derive their name
(from the Greek eu, “well,” and calyptos, “covered,”
Eldridge et al. 1993; Ladiges 1997). The operculum
appears to have evolved independently in different
eucalypt lineages and has not evolved in Angophora
(Ladiges 1997). There is some debate as to whether the
Corymbia and Angophora genera (bloodwood taxa)
warrant separation from the genus Eucalyptus (non-
bloodwood taxa) in the strict sense. This split is sup-
ported by several independent molecular studies (e.g.,
Sale et al. 1996; Ladiges and Udovicic 2000, Udovicic
and Ladiges 2000; Steane et al. 2002; Whittock et al.
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2003) and, following Ladiges et al. (2003), adopted
herein. The latest taxonomic revision (Brooker 2000)
of the eucalypts recognizes just over 700 species that
belong to 13 main evolutionary lineages (Table 1)
but still treats the bloodwood eucalypts as subgenera
of Eucalyptus. Most species belong to the subgenus
Symphyomyrtus, and it is mainly species from three
sections of this subgenus that are used in plantation
forestry (Table 1).

Eucalypts encompass an exceptional level of ge-
netic diversity. They range in habit from shrubs and
multistemmed mallees to giant trees and include the
tallest flowering plants on earth (Eucalyptus regnans –
96 m; Boland et al. 1985; Wardell-Johnson et al. 1997;
Potts and Pederick 2000; Potts et al. 2003). The major
subgenera exhibit different ecological and reproduc-
tive characteristics (Pryor 1976; Florence 1996; Ladi-
ges 1997), and closely related species are usually eco-

Table 1. Major evolutionary lineages within the eucalypts. The alignment of Pryor and Johnson’s (1971) genera and subgenera
with Brooker’s (2000) subgenera. Pryor and Johnson’s classification was informal, but widely used for 30 years. The number of
species in each of Brooker’s subgenera is indicated and examples of well-known forestry species are given. Most species used
in plantation forestry, particularly outside Australia, are from Brooker’s sections Maidenaria (e.g., E. globulus, E. nitens, E.
viminalis), Exsertaria (e.g., E. camaldulensis, E. tereticornis), and Latoangulatae (e.g., E. grandis, E. saligna, E. urophylla) in the
subgenus Symphyomyrtus (from Potts 2004)

Pryor & Johnson’s Brooker’s No. of species Examples of well-known forestry species
subgenera/genera subgenera

Angophora (genus) Angophoraa 7
Blakella Blakellaa 15
Corymbia Corymbiaa 67 C. torelliana, C. citridora, C. variegata

C. maculata
Eudesmia Eudesmia 19
Gaubaea Acerosa 1
Gaubaea Cuboidea 1
Idiogenes Idiogenes 1 E. cloeziana
Monocalyptus Primitiva 1
Monocalyptus Eucalyptus 110 E. regnans, E. delegatensis, E. obliqua,

E. marginata, E. fastigata
Symphyomyrtus Cruciformes 1 E. guilfoylei
Symphyomyrtus Alveolata 1 E. microcorys
Symphyomyrtus Symphyomyrtus 474 E. camaldulensis, E. exserta,

E. globulus, E. grandis, E. nitens,
E. paniculata, E. robusta, E. saligna,
E. tereticornis, E. urophylla,
E. viminalis

Telocalyptus Minutifructusb 4 E. deglupta

a The subgenera Blakella and Corymbia had previously been treated as a separate genus Corymbia (Hill and Johnson 1995) and
the subgenus Angophora treated as a genus (Hill and Johnson 1995), and this approach has been adopted in the text
bA recent molecular study suggests that these species belong to subgenus Symphyomyrtus (Whittock 2003)

logically differentiated (Florence 1996; Williams and
Woinarski 1997). Within species, marked genetic dif-
ferentiation between populations is the norm rather
than the exception (Pryor and Johnson 1971, 1981;
Potts and Wiltshire 1997; Dutkowski and Potts 1999).
Genetic variation between populations in quantitative
traits is often continuous and clinal, paralleling envi-
ronmental gradients associated with changes in, for
example, latitude, continentality, or altitude (Pryor
1976; Potts and Wiltshire 1997). Indeed, many recog-
nized species intergrade along such gradients, result-
ing in complexes of closely related species where no
clear morphological discontinuity is apparent (Pryor
1976; Jordan et al. 1993; Holman et al. 2003).

Breeding System
Eucalypt flowers are occasionally solitary (e.g.,
E. globulus) but often occur in clusters of three or
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more in umbels or terminal inflorescences. The
eucalypt flower is normally bisexual, with numerous
stamens that expand outward after operculum shed
to form the conspicuous floral display (Pryor 1976).
Eucalypts are predominantly animal pollinated,
with vectors encompassing a wide variety of insects,
birds, marsupials, and a few bat species (House 1997;
Hingston et al. 2004; Southerton et al. 2004; Barbour
et al. 2005). They have a mixed mating system but
are generally preferential outcrossers, with high
levels of outcrossing maintained by protandry and
various incomplete pre- and postzygotic barriers to
self-fertilization (Potts and Wiltshire 1997; Pound
et al. 2002a, b, 2003). The postzygotic barriers
include intense selection against the products of
inbreeding (Hardner and Potts 1995, 1997; Potts
and Wiltshire 1997). Outcrossing rates may vary
between (Butcher and Williams 2002; McDonald
et al. 2003) and within trees even of the same
species. For example, outcrossing is often higher in
denser stands (Hardner et al. 1996) and at the top
of the tree canopy (Patterson et al. 2004b; Hingston
and Potts 2005). Biparental inbreeding may also
occur in open-pollinated progenies from native
stands due to related individuals growing in close
spatial proximity (Eldridge et al. 1993; Hardner et al.
1998). The seed of most species has no specialized
mechanisms for dispersal and is normally deposited
within a distance of twice the tree height (Potts and
Wiltshire 1997).

The major eucalypt subgenera do not hybridize
(Griffin et al. 1988; c.f. Stokoe et al. 2001), and, while
there are significant barriers to hybridization between
species within subgenera, these are often weak (Potts
et al. 2003;Potts andDungey2004).Naturalhybridiza-
tion and intergradation between recognized taxa is
common in nature (Griffin et al. 1988; Potts and Wilt-
shire 1997; Byrne and Macdonald 2000; Butcher et al.
2002), often making delineation of species difficult
(Pryor and Johnson 1971). Natural introgression may
be cryptic, and only detectable at the molecular level
(McKinnon et al. 2001a, 2004), indicating ancient hy-
bridization and gene flow between lineages. At the
other extreme, first-generation hybridization is ac-
tively occurring between exotic plantation eucalypts
and native populations (Barbour et al. 2002, 2003,
2005). Artificial hybrid combinations have been pro-
duced, and in general hybrid inviability tends to in-
crease with increasing taxonomic distance between
the parents, but there are exceptions (Griffin et al.
1988; Potts and Dungey 2004).

Genome Size and Structure

The size and structure of the genome of eucalypts is
reviewed in Poke et al. (2005). Consistent with most
myrtaceous genera, eucalypts are diploids with a hap-
loid chromosome number of 11 (Eldridge et al. 1993).
Reports of higher numbers of chromosomes have not
been verified, e.g., E. cladocalyx is 2n = 22 (R. Wilt-
shire unpublished data) and not 2n = 24 (Eldridge
et al. 1993). While polypoidy has been artificially
induced (Janki-Ammal and Khosla 1969), there are
no reports of polyploidy in nature. Grattapaglia and
Bradshaw’s (1994) estimates of the haploid genome
size of several eucalypt species and hybrids based
on flow cytometry range from 370 to 700 million
base pairs (Mbp). They estimated the average hap-
loid genome size for Symphyomyrtus species to be
650 Mbp (Grattapaglia and Bradshaw 1994). While
no Angophora species were included in their study,
the two Corymbia species examined had a haploid
genome size (370 and 390 Mbp) substantially smaller
than the Eucalyptus species studied. Hybrids had in-
termediate DNA content, and there was no evidence of
polyploidy. Estimates will vary with laboratory tech-
nique, and a new estimate for the size of the E. glob-
ulus genome, for example, is 644 Mbp (Pinto 2005),
which is 20% larger than Grattapaglia and Bradshaw’s
(1994) estimate of 530 Mbp. Nevertheless, the hap-
loid genome size of Eucalyptus species would gen-
erally appear to be slightly larger than those of the
current plants whose genomes have been completely
sequenced (125 Mbp for Arabidopsis thaliana, 420 to
466 Mbp for two rice varieties, Fukuoka et al. 1998,
and 473 Mbp for Populus tricarpa, Poke et al. 2005),
and is clearly many-fold smaller than the genome size
estimated for Pinus species, which have large regions
of repetitive DNA (Ahuja 2001). There were no stud-
ies of the structure of the eucalypt genome before the
advent of accessible DNA marker technology (see be-
low).

As in most angiosperms, the inheritance of
both the mitochondrial (Vaillancourt et al. 2004)
and chloroplast (Byrne et al. 1993; McKinnon et al.
2001b) genomes appears to be fully maternal. While
the structure of the mitochondrial genome has not
been studied, the E. globulus chloroplast has been
completely sequenced and shows very high homology
of coding regions, with chloroplast sequences from
species such as Nicotiana tobacum and Oenothera
elata but considerable divergence in the noncod-
ing regions (Steane 2005). Broadly transferable
microsatellite regions have been identified from
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the E. globulus chloroplast sequence (Steaneet al.
2005). A hypervariable region, Jla, also occurs in
the intergenic spacer on either side of the junction
between the large single-copy region and the inverted
repeat A in Symphyomyrtus but appears absent from
Monocalyptus species (Vaillancourt and Jackson
2000).

Molecular Diversity
Historically, allozymes were the main molecular
markers used for genetic diversity studies in eucalypts
and revealed their mixed mating system, high levels
of genetic diversity and heterozygosity, and greater
population differentiation in regionally distributed
species than in widespread or local species (reviewed
in Moran 1992; Potts and Wiltshire 1997). However,
over the last decade these markers have been
replaced in diversity studies by more informative
DNA marker technologies such as random amplified
polymorphic DNA (RAPD), restriction fragment
length polymorphism (RFLP), amplified fragment
length polymorphism (AFLP), and microsatellite
analysis (Shepherd and Jones 2005), and more
recently, by the analysis of direct sequence variation
in functional genes (Poke et al. 2003; McKinnon
et al. 2005; Thumma et al. 2005). These markers have
revealed that eucalypt gene pools have a hierarchy
of spatial genetic structure from clonal patches (e.g.,
Rossetto et al. 1999; Smith et al. 2003; Jones et al.
2005) and family groups (Skabo et al. 1998) that
extend over tens of meters, to localized population
differention over hundereds of meters (McGowen
et al. 2001), and broad-scale genetic differentiation
over many hundreds of kilometers (Byrne et al.
1998; Butcher et al. 2002; Jones et al. 2002; Holman
et al. 2003; Astorga et al. 2004; Potts et al. 2004). As
expected, maternally inherited, haploid chloroplast
markers, which are dispersed only through the
seed, exhibit greater population differentiation than
nuclear markers (Byrne and Macdonald 2000; Jones
et al. 2005).

4.1.3
Economic Importance

Eucalypts are renowned as species with fast growth,
straight form, valuable wood properties, wide adapt-
ability to soils and climates, and ease of manage-
ment through coppicing (Eldridge et al. 1993; Potts
2004). They are now found in more than 90 coun-

tries where the various species are grown for prod-
ucts as diverse as sawn timber, mine props, poles,
firewood, pulp, charcoal, essential oils, honey, and
tannin, as well as for shade, shelter, and soil reclama-
tion (Doughty 2000). They are an important source
of fuel and building material in rural communities in
countries such as India, China, Ethiopia, Peru, and
Vietnam. However, it is the great global demand for
short-fiber pulp that has driven the massive expan-
sion of eucalypt plantations throughout the world
during the 20th century (Turnbull 1999). Their high
fiber count relative to other wood components, cou-
pled with the uniformity of fibers relative to other
angiosperm species, has caused high demand for eu-
calypt pulp for coated and uncoated free-sheet paper,
bleach board, sanitary products (fluff pulp), and, sec-
ondarily, for top liner on cardboard boxes, as a cor-
rugating medium, and as a filler in long-fiber conifer
products such as newsprint and containerboard (Kel-
lison 2001). New technologies are also increasing in-
terest in the use of plantation eucalypts for sawn
wood, veneer, and medium-density fiberboard and
as extenders in plastic and molded timber (Kelli-
son 2001; Bermúdez Alvite et al. 2002; Shield 2004;
Waugh 2004).

While precise global figures are difficult to obtain,
a conservative estimate is 9.5 million ha of industrial
eucalypt plantations in 1999, with the vast majority
of these established since the 1950s, and predicted to
reach 11.6 million ha in 2010 (Raga 2001). The ma-
jority of plantations consist of only a few eucalypt
species and hybrids. The most important are E. gran-
dis, E. globulus, and E. camaldulensis, which together
with their hybrids account for about 80% of the plan-
tation area; they are followed by E. nitens, E. saligna,
E. deglupta, E. urophylla, E. pilularis, Corymbia citri-
odora, and E. teriticornis (Eldridge et al. 1993; Waugh
2004). Market favorites for pulpwood are E. grandis
and E. urophylla and their hybrids in tropical and
subtropical regions and E. globulus in temperate re-
gions. There is considerable interest in introgressing
superior E. globulus pulp traits into the tropical and
subtropical genetic backgrounds.

4.1.4
Classical Breeding Objectives

The main breeding programs in eucalypts worldwide
are focused on improving profit from industrial pulp-
wood plantations (Borralho 2001; Kanowski and Bor-
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ralho 2004; Raymond and Apiolaza 2004). In such
systems, the key objective traits traditionally con-
sidered to drive profits are volume production per
hectare, wood density, and pulp yield (Borralho et al.
1993; Greaves and Borralho 1996; Greaves et al. 1997;
Wei and Borralho 1999), although their economic
weights will vary depending upon whether planta-
tions are part of a vertically integrated production
system (Borralho et al. 1993) or only for wood-chip
export (Apiolaza et al. 2005). Traits such as pest and
disease resistance (e.g., Coutinho et al. 1998; Soria
and Borralho 1998; Milgate et al. 2005), adaptability
(e.g., frost resistance; Cauvin and Potts 1991; Tibbits
et al. 1991), drought resistance (Toroet al. 1998), and
survival (Chambers and Borralho 1997) are only im-
portant as far as they impact on one or more of these
objective traits. Secondary wood property traits of in-
terest to pulp producers include the quantity or qual-
ity of extractives or lignin in the wood that affect the
economic and/or environmental cost of pulping (Poke
et al. 2004; Raymond and Apiolaza 2004). Breeding
programs directly linked with paper mills are also ex-
ploring other wood properties that impact on paper
quality such as fiber length, courseness, and wall di-
mensions (Raymond and Apiolaza 2004), as well as
studying genetic effects on paper quality (Cotterill
et al. 1999).

There is increasing interest in breeding eucalypts
for sawn timber, veneers, and reconstituted wood
products worldwide (Kube and Raymond 2005; Ray-
mond 2002; Raymond and Apiolaza 2004). Key wood
properties believed to affect sawn timber and com-
posites are given in Table 2 (see also Shield 2004).
There is increasing work on identifying breeding ob-
jectives, economic weights, and cost-effective selec-
tion traits for these production systems (Greaves et al.

Table 2. Key wood properties for a range of product classes (modified from Raymond 2002)

Pulp and paper Sawn timber Composites

Basic density Basic density and gradient Basic density
Pulp yield/cellulose content Microfibril angle Lignin content
Fiber length Strength and stiffness Extractives content
Lignin content and composition Dimensional stability Cellulose content

Shrinkage and collapse
Tension wood
Knot size
Incidence of decay, spiral grain,
and end splits

2004a, b). However, this is complicated by the range
of products, silvicultural regimes and production sys-
tems, changing technologies over the longer rotations,
and requirements of plantations for multiple prod-
ucts through thinning or changes in product pricing
(Shield 2004).

While wood and cellulose production is the key
focus of most breeding programs, there are small
eucalypt breeding programs aiming to improve the
yield of alternative products such as leaf volatile oils
(Boland et al. 1991; Doran and Bell 1995; Byrne 1999)
and for enhanced ecosystem services by selection of
salt-resistant genotypes (Meddings et al. 2001; Dale
2002). Decreasing plant propagation costs by, for ex-
ample, selection for vegetative propagability (de Assis
2001; Cañas et al. 2004) or increased seed production
(McGowen et al. 2004) also occurs as a secondary ob-
jective in many breeding or deployment programs
(Raymond and Apiolaza 2004).

4.1.5
Classical Breeding Achievements

As with most forest trees, large and cost-effective ge-
netic gains have been achieved in the early stages of
eucalypt domestication, simply through species (Ja-
cobs 1981) and provenance selection (Eldridge et al.
1993), followed by individual (family) selection and
establishment of clonal or seedling seed orchards or
clonalpropagationof elite selections fordirectdeploy-
ment (Eldridge et al. 1993; Kanowski and Borralho
2004; Potts 2004). Subsequent population improve-
ment has also demonstrated significant genetic gain
through recurrent selection in an open-pollinated
breeding population (Reddy and Rockwood 1989), or
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sublines (Griffin 2001; Sanhueza and Griffin 2001),
possibly coupled with open- or controlled-pollinated
nucleuspopulationsof themost elite selectionsor spe-
cialized breeds (Potts 2004). For species that are eas-
ily propagated vegetatively, such as E. grandis, clon-
ally propagated breeding populations have further
enhanced gains (Snedden and Verryn 2004). Over-
lapping generation breeding using a “rolling front”
strategy has also been adopted by programs in Aus-
tralia and Portugal (Borralho and Dutkowski 1998;
McRae et al. 2004b). Major advances were made in
the 1990s, with the addition of wood density and
pulp yield with growth into the breeding objectives
as the two traits that account for over 70% of the
benefits from breeding for pulp production (Bor-
ralho 2001). With such an objective, two genera-
tions of selection of E. globulus for a vertically in-
tegrated eucalypt pulp production system were ex-
pected to increase income by 1.5% and decrease pro-
duction costs by 16%, saving US$ 7.2 million per an-
num for a 250,000-ton pulp mill (Kanowski and Bor-
ralho 2004).

Eucalypt hybrids, either F1s or composites, have
long been deployed in eucalypt forest through vege-
tative propagation and are a significant component
of eucalypt plantation forestry, particularly in the
tropics and subtropics (de Assis 2000; Vigneron and
Bouvet 2000; Potts and Dungey 2004). Such hybrids
have been classically selected based on large-scale
hybrid production and clonal testing, through ei-
ther (1) initial screening of seedlings for vegetative
propagability or (2) remobilizing mature selections
through coppicing, sequential grafting, or in vitro
techniques and then introducing them into clonal
tests. The main hybrids used in industrial plantations
are E. grandis × urophylla, E. grandis × camaldulen-
sis and varieties including at least one of E. saligna,
E. pellita, E. exserta, and E. tereticornis. Such hy-
brids are planted on a relatively large scale in Brazil
and the Congo, although sizeable plantations also oc-
cur in China, Indonesia, and South Africa. The de-
ployment of selected clones of E. urophylla × gran-
dis in Brazil and the Congo has been a major suc-
cess in overcoming canker and disease susceptibity of
E. grandis (Campinhos and Ikemori 1989; Vigneron
and Bouvet 2000). Indeed in Brazil, a combination of
improvements in genetics, silviculture, and propaga-
tion has increased the mean annual growth of euca-
lypt plantations from 10 m3 ha−1 yr−1 in the 1960s
to more than 40 m3 ha−1 yr−1at present (Binkley and
Stape 2004).

4.1.6
Future Perspective: Challenges
for Molecular Breeding of Eucalyptus

The next decade will see major advances in our un-
derstanding of the eucalypt genome and molecu-
lar breeding (Grattapaglia 2004; Poke et al. 2005;
Thumma et al. 2005). The genome of a eucalypt tree
(that of an E. camaldulensis clone) is being sequenced
at Kazusa DNA Research Institute in Japan (T. Hib-
ino and S. Tabata personal communication; Myburg
2004), and the Eucalyptus Genome Network (EUCA-
GEN, www.eucagen.org) has been initiated to coor-
dinate the generation of further genomic resources
for Eucalyptus. Furthermore, the Eucalyptus research
community has been invited to submit a proposal for
the sequencing of the E. grandis genome by the US
Department of Energy (DOE), a proposal that will, if
successful, lead to the public release of the E. gran-
dis genome sequence (6–8 coverage) before the end
of 2008 (J. Tuskan personal communication). These
milestones are bound to lead to rapid advances in the
development ofmolecular breeding tools andmolecu-
lar genetic improvement of eucalypts. The develop-
ment of genetically modified eucalypts has been slow
compared with, for example, Populus species (Potts
et al. 2003). The development of fully tested geneti-
cally modified clones to the stage of large-scale plant-
ing is a slow process (Griffin 1996), and regulatory and
certification requirements associated with the use of
genetically modified trees are likely to limit their op-
erational use in the foreseeable future (Burley and
Kanowski 2005). Nevertheless, other molecular tech-
nologies offer great potential to contribute to euca-
lypt breeding through many avenues including quan-
tifying genetic diversity and relationships, breeding
systems, gene flow and fingerprinting for quantify-
ing contamination and clone identification, QTL de-
tection, and molecular breeding through marker- or
gene-assisted selection. Major advances are still to
be made through better definition of breeding and
deployment objectives and economic weights (Ray-
mond and Apiolaza 2004), enhanced accuracy of ge-
netic evaluation through more sophisticated trial de-
sign (Williams et al. 2002) and analysis (Dutkowski
et al. 2002; Costa e Silva et al. 2005), and exploitation
of the major advances in quantitative genetic analysis
that have occurred over the last decade (e.g., Soria
et al. 1998; Fernandez and Toro 2001; Costa e Silva
et al. 2004; de Resende and Thompson 2004; McRae
et al. 2004a). Genetic gain is a function of selection
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intensity, and there are now clear opportunities for
quantum increases in the size of pedigreed breeding
populations through the recent advances that have oc-
curred in controlled pollination (Harbard et al. 1999;
Williams et al. 1999; Patterson et al. 2004a; de As-
sis et al. 2005) and vegetative propagation techniques
(e.g.,mini- andmicrocuttings; deAssis 2001), increas-
ingly cheaper techniques for nondestructive assess-
ment of key wood properties (e.g., near-infrared re-
flectance and raman spectroscopy; Schimleck et al.
1996; Downes et al. 1997; Raymond and Apiolaza
2004), and industrial-scale systems for data manage-
ment and genetic evaluation (McRae et al. 2004a). The
challenge facing molecular breeding is its integration
into existing eucalypt breeding programs in order to
deliver gains to industrial forests above that which can
be achieved by equivalent investment in other already
well-integrated technologies and strategies.

This chapter provides an overview of the status
of genome mapping and molecular breeding of Euca-
lyptus tree species. Emphasis is placed on genetic and
physical mapping of eucalypt genomes and on new
approaches to locating genes and regulatory regions
that control quantitative traits in Eucalyptus planta-
tions. The last section of the chapter provides a brief
future perspective on genome research in Eucalyp-
tus and its impact on the molecular domestication of
this important fiber crop. Readers are also referred to
other recent reviews of genome research and molecu-
lar breeding in Eucalyptus (Moran et al. 2002; Potts
2004; Shepherd and Jones 2005; Grattapaglia 2004;
Poke et al. 2005).

4.2
Genetic Linkage Mapping
of Eucalypt Genomes

Genetic markers are DNA phenotypes that reflect
differentiation among individuals, populations, and
species. The availability of large numbers of highly
polymorphic and neutral genetic markers whose in-
heritance and segregation can be followed through
generations has allowed the construction of genetic
linkage maps for many plant species, including sev-
eral eucalypt species. Most genetic mapping studies
in plants have relied on the availability of inbred lines,
near-isogenic lines, or backcross progeny of inbred
parents. However, available pedigrees for the majority
of outbred angiosperm tree species, such as the eu-

calypts, generally involve only two parents and their
full-sib progeny or one parent and its maternal half-
sib progeny. Such outbred mapping pedigrees suf-
fer from several limitations (discussed below) that
complicate genetic linkage mapping. Novel mapping
strategies, such as the “two-way pseudotestcross de-
sign” discussed later in this section, have been de-
veloped to overcome these limitations, allowing the
generation of single-tree genetic linkage maps for se-
lected individuals of tree species. The high level of
genetic diversity, the ability to generate large progeny
sets, the ability to clone segregating progeny, the rel-
atively small genome size, and the low proportion of
repetitive DNA of Eucalyptus facilitated early interest
in genetic linkage mapping in this genus (Grattapaglia
and Bradshaw1994). Most eucalypt linkage maps have
been constructed from segregating half-sib or full-sib
families, with family sizes of up to 200 individuals. To
maximize the detection of genetic polymorphism at
the DNA level, highly heterozygous parents have been
selected, most often from different species. Wide in-
terspecific crosses in Eucalyptus have revealed genetic
barriers to crossing (Myburg et al. 2004) and have
resulted in distorted segregation ratios in mapping
progeny, which can lead to biased estimates of recom-
bination and false linkage (Lorieux et al. 1995). The
development of codominant markers for Eucalyptus
(Brondani et al. 1998, 2002) stimulated the first com-
parative mapping studies, which may lead to more ef-
ficient use of genetic mapping information for molec-
ular breeding and evolutionary studies in Eucalyptus.
In this section, we briefly review practical considera-
tions for the construction of genetic linkage maps in
Eucalyptus and we discuss potential applications of
genetic mapping in molecular breeding of these tree
species.

4.2.1
DNA Isolation for Genetic Mapping

The isolation of relatively pure genomic DNA from
a large number of individuals is the first step in any
genetic mapping project. Eucalyptus total genomic
DNA has been isolated from leaf tissue mostly us-
ing modified versions of the published protocols of
Doyle and Doyle (1990), Saghai-Maroof et al. (1984),
or Wagner et al. (1987). The presence of secondary
metabolic compounds and carbohydrates in eucalypt
leaves can interfere with DNA quality, especially if leaf
samples have to spend a considerable time in transit
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to the laboratory. Tissue condition before extraction
is therefore usually a critical factor (Ferreira and Grat-
tapaglia 1995). Myburg et al. (2001) proposed a high-
throughput 96-well DNA extraction protocol based on
the QIAGEN 96-well mouse tail DNA extraction kit,
modified for plant DNA extraction chemistry, as well
as tissue homogenization using the FastPrep instru-
ment (QBiogene). The convenience and throughput
of this method is further improved by collecting Eu-
calyptus leaf discs directly into 2-ml tubes that already
contain a small amount of a desiccant such as silica
gel crystals. Such samples can be stored at room tem-
perature until DNA isolation and are stable for long
periods of time.

4.2.2
Marker Availability

DNA-based marker techniques vary in DNA require-
ments, cost ofdevelopment andassay, technical exper-
tise, genetic information, and transferability across
taxa. Genetic marker analysis and mapping in eu-
calypts have progressed at the pace of the develop-
ment of new marker technologies. Isozyme markers
were first used in 1983 to study mating systems in
natural and exotic populations of Eucalyptus (Moran
and Bell 1983). These markers were, however, lim-
ited in genome coverage and in the amount of ge-
netic polymorphism that could be assayed. Restric-
tion fragment length polymorphism (RFLP) markers
were used first in phylogenetic analyses of eucalypt
chloroplast DNA (Steane et al. 1991) and later to con-
struct Eucalyptus genetic linkage maps (Byrne et al.
1995; Thamarus et al. 2002). RFLP analysis has not
found widespread use in Eucalyptus as it is techni-
callydemanding, labor intensive, and timeconsuming
and requires the previous development and labeling
of probes.

The advent of the polymerase chain reaction
(PCR) (Mullis and Faloona 1987) allowed the develop-
ment of many new markers based on DNA poly-
morphisms. Random amplified polymorphic DNA
(RAPD) markers (Williams et al. 1990) greatly fa-
cilitated the rapid construction of genetic linkage
maps for several eucalypt species (Grattapaglia and
Sederoff 1994; Vaillancourt et al. 1994; Verhaegen and
Plomion 1996; Bundock et al. 2000; Gan et al. 2003).
As in other plant species, the main limiting feature of
RAPD markers in Eucalyptus is their dominant behav-
ior, relatively lowmultiplexratio, and lowrepeatability

across research laboratories (Jones et al. 1997). Am-
plified fragment length polymorphism (AFLP) anal-
ysis (Voset al. 1995) has proven to be more robust,
and the technique samples much larger numbers of
loci in high-resolution sequencing gels. This has al-
lowed the construction of high-density, AFLP-based
genetic maps of individual Eucalyptus trees using only
small number of oligonucleotide primers and minute
amounts of DNA (Marques et al. 1998). Multiplexed
AFLP genotyping using fluorescently labeled primers
further increased the throughput and convenience of
AFLP analysis in Eucalyptus (Myburg et al. 2003). As
with RAPD markers, the main disadvantage of AFLP
markers has been their dominant behavior, but also
the fact that there are commercial restrictions on the
use of the technology (Keygene, Wageningen, The
Netherlands). Furthermore, AFLP markers are gen-
erally not shared among different outbred eucalypt
parents, which has made the integration of differ-
ent AFLP maps difficult, except where shared par-
ents are used in mapping pedigrees (Myburg et al.
2004). The development of transportable, PCR-based
and codominant simple sequence repeat (SSR), or mi-
crosatellite markers for Eucalyptus (Byrne et al. 1996;
Brondani et al. 1998; Glaubitz et al. 2001; Steane et al.
2001; Brondani et al. 2002) revolutionized the genetic
mapping of eucalypt trees. SSR markers have been
added to previously constructed genetic linkage maps
(Brondani et al. 1998, 2002; Marques et al. 2002) and
mapped incombinationwithothermarkers (Bundock
et al. 2000; Thamarus et al. 2002). Limitations of the
use of SSRs for mapping include the effort required
to develop markers and the fact that only one locus is
sampled with each primer pair.

More recently, gene-based molecular markers
have been integrated into existing maps (Bundock
et al. 2000; Gion et al. 2000; Thamarus et al. 2002).
These are no doubt the “ultimate” markers for genetic
linkage mapping, as potential candidate loci may
be identified empirically from known genes that
collocate with quantitative trait loci (QTLs). However,
the multiplex ratio of these markers remains low, as
most genes are mapped one at a time. In contrast,
microarray technology holds great potential for
genotyping large numbers of anonymous markers
in Eucalyptus (Lezar et al. 2004) and may form the
basis of high-density genetic mapping in the future.
The use of short oligonucleotide probes (25 mer) on
microarrays may in the future allow direct mapping
of genes through the detection of single nucleotide
polymorphisms (SNPs) in genes (Kirst 2004).
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4.2.3
Map Construction

Relative to most crop plant species, eucalypts are
still essentially undomesticated and outbred, and
as such highly heterozygous, plant species. Link-
age analysis is somewhat complicated by the vary-
ing numbers of marker alleles (up to four) that
may be present at each locus. Moreover, linkage
phases of markers are generally unknown. Despite
these difficulties, many pollen and seed parent ge-
netic linkage maps have been constructed in Euca-
lyptus in the last decade (Tables 3 and 4) using in-
formative genetic markers that segregate in appro-
priate pedigrees. Grattapaglia and Sederoff (1994)
implemented the “two-way pseudotestcross model”
to construct individual-tree genetic linkage maps
of the two parents of an interspecific full-sib cross
of E. grandis and E. urophylla. This model allowed
the use of dominant markers and inbred line map-
ping approaches in this oubred pedigree and re-
sulted in three types of segregating markers: (1) 1:1
testcross markers inherited from the pollen parent,
(2) 1:1 testcross markers inherited from the seed par-
ent, and (3) 3:1 intercross markers inherited from
both parents. Dominant intercross markers (such

Table 3. Eucalyptus genetic linkage maps constructed with dominant markers

Species Population Number of Number of Observed map Reference
markers linkage groups length (cM)

E. grandis 62 F1 240 RAPD 14 1552 Grattapaglia
and Sederoff 1994

E. urophylla 62 F1 251 RAPD 11 1101 Grattapaglia
and Sederoff 1994

E. gunnii × E. globulus 72 F2 and 10 BC 75 RAPD 9 255 Vaillancourt et al. 1994
E. urophylla 93 F1 269 RAPD 11 1331 Verhaegen

and Plomion 1996
E. grandis 93 F1 236 RAPD 11 1415 Verhaegen

and Plomion 1996
E. globulus 91 F1 268 AFLP 16 967 Marques et al. 1998
E. tereticornis 91 F1 285 AFLP 14 919 Marques et al. 1998
E. urophylla 82 F1 245 RAPD 23 1505 Gan et al. 2003
E. tereticornis 82 F1 264 RAPD 23 1036 Gan et al. 2003
E. grandis 156 BC 438 AFLP 11 (comparative) 1335 Myburg et al. 2003
E. globulus 177 BC 367 AFLP 11 (comparative) 1405 Myburg et al. 2003
E. grandis × E. globulus 156 grandis BC 518 AFLP 11 (comparative) 1448 Myburg et al. 2003
F1 paternal
E. grandis × E. globulus 177 globulus BC 577 AFLP 11 (comparative) 1318 Myburg et al. 2003
F1 maternal

as AFLPs) and codominant markers (such as SSRs)
have been used to establish homology and investi-
gate synteny between parental maps (Verhaegen and
Plomion 1996; Brondani et al. 1998, 2002; Marques
et al. 1998, 2002; Bundock et al. 2000; Myburg et al.
2003). Higher-resolution comparative mapping was
achieved through a “double pseudobackcross” map-
ping strategy in F2 interspecific backcross families
of Eucalyptus (Myburg et al. 2003). This approach al-
lowed the use of shared testcross and intercross mark-
ers to align the maps of the F1 hybrid with those of
the two backcross parents.

Genetic linkage mapping is based on recombina-
tion rates that may differ between male and female
meiosis. Myburg et al. (2003) did not observe differ-
ences in whole-genome AFLP recombination rates of
seed and pollen parents in an E. grandis × E. glob-
ulus hybrid pseudobackcross with E. grandis as the
male and E. globulus as the female parent. Thamarus
et al. (2002) also did not find significant differences
in the female and male recombination rates among
consecutive pairs of fully informative loci. This has
also been verified with SSR markers by Brondani et al.
(2002).

Maps constructed with outbred progenies
and a reasonable number of fully informative
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codominant markers (such as RFLP or SSR) have
been integrated in species maps for E. nitens
(Byrne at al. 1995) and E. globulus (Thamarus
et al. 2002). In most cases, linkage analysis was
performed using MAPMAKER (Lander et al. 1987),
GMENDEL (Liu and Knapp 1990), or JoinMap
(Stam 1993). Often, subsets of markers were selected
for their intensity, ease of scoring, reduced miss-
ing data, size, and spacing in order to construct
framework maps with increased marker order
reliability.

Table 4. Eucalyptus genetic linkage maps constructed with codominant markers

Species Population Number of Number of Observed map Reference
markers linkage groups length

E. nitens 4 grandparents, 210 RFLP, 12 (integrated) 1462 cM Byrne et al. 1995
2 parents, 125 RAPD,

118 F2 outbred 4 isozyme
progeny

E. grandis 94 F1 19 SSR 9 Added to Brondani et al. 1998
Grattapaglia and
Sederoff 1994

E. urophylla 94 F1 17 SSR 6 Added to Brondani et al. 1998
Grattapaglia and
Sederoff 1994

E. urophylla 201 F1 8 genes 5 Added to Gion et al. 1996
Verhaegen and
Plomion 1996

E. grandis 201 F1 4 genes 3 Added to Gion et al. 1996
Verhaegen and
Plomion 1996

E. globulus 165 F1 153 RAPD, 11 701 cM Bundock et al. 2000
(KI2) 16 SSR
E. globulus 94, 71, 165 F1 173 RAPD, 13 1013 cM Bundock et al. 2000
(G164) 21 SSR, GPI-2
E. globulus 73 F1 34 SSR 8 Added to Marques et al. 2002

Marques et al. 1998
E. tereticornis 73 F1 34 SSR 8 Added to Marques et al. 2002

Marques et al. 1998
E. grandis 92 F1 63 SSR 11 Added to Brondani et al. 2002

Grattapaglia and
Sederoff 1994 maps

E. urophylla 92 F1 53 SSR 10 Added to Brondani et al. 2002
Grattapaglia and
Sederoff 1994

E. globulus 148 outbred F1 204 RFLP, 12 (integrated) 1375 cM Thamarus et al. 2002
(31 EST and
14 genes)
40 SSR, 5 isozyme

4.2.4
Physical Genome Size vs. Genetic Map Size

Asdiscussed in theprevioussection, thefirst estimates
of nuclear DNA content for Eucalyptus (Grattapaglia
and Bradshaw 1994) ranged from 0.77 pg/2C for E. cit-
riodora to 1.47 pg/2C for E. saligna, corresponding to
a haploid genome size range of 370 to 700 Mbp. At
the time it was not clear how physical map size (in
bp) would relate to genetic map sizes (in cM), but
several mapping experiments have since shed light
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on this question. Observed map lengths for E. gran-
dis average 1,434 cM (Grattapaglia and Sederoff 1994;
Verhaegen and Plomion 1996; Myburg et al. 2003),
1,312 cM for E. urophylla (Grattapaglia and Sederoff
1994; Verhaegen and Plomion 1996; Gan et al. 2003),
1,092 cM for E. globulus (Marques et al. 1998; Bun-
dock et al. 2000; Thamarus et al. 2002; Myburg et al.
2003), 978 cM for E. tereticornis (Marques et al. 1998;
Gan et al. 2003) and 1,462 cM for E. nitens (Byrne
et al. 1995) (Tables 3 and 4). Differences among re-
ported map lengths for the same species might re-
sult from differences in the number of framework
markers and the stringency level adopted for as-
signing locus order and grouping. Based on Gratta-
paglia and Bradshaw’s (1994) genome estimates of
640 Mbp/1C for E. grandis, 650 Mbp/1C for E. uro-
phylla, 530 Mbp/1C for E. globulus, and 580 Mbp/1C
for E. tereticornis, 1 cM map distance would be equi-
valent to 446 kbp in E. grandis, 495 kbp in E. uro-
phylla, 485 kbp in E. globulus, and 593 kbp in E. tereti-
cornis. In Arabidopsis, 1 cM is equivalent on average
to 230 kbp, only about half the genetic/physical ra-
tio for eucalypts (Verhaegen and Plomion 1996). My-
burg et al. (2003) suggested that the 20% genome
size difference between E. grandis and E. globulus
could be the result of many small and dispersed
chromosomal duplications or deletions, reflecting
a pattern of dispersed genome expansion in Euca-
lyptus.

4.2.5
Segregation Distortion

The distorted segregation of markers in genetic maps
is generally indicative of the segregation of genomic
incompatibilitiesorgenetic effects that result indiffer-
ential fitness of the gametes or progeny through which
marker alleles are transmitted. In general, mapping
studies in intraspecific crosses of Eucalyptus species
(Byrne et al. 1995; Thamarus et al. 2002) have re-
ported lower proportions of distorted markers (6%
and 0.8%, respectively) than studies in interspecific
crosses. However, Grattapaglia and Sederoff (1994)
did not find significant numbers of markers with
distorted segregation in interspecific F1 progeny of
E. grandis and E. urophylla. Bundock et al. (2000) re-
ported significant segregation distortion in intraspe-
cific maps of an E. globulus female parent, but no
distortion in the E. globulus male parent. Verhaegen
and Plomion (1996) found that 8% of RAPD mark-

ers exhibited segregation distortion in an interspe-
cific cross of E. urophylla and E. grandis. They also
observed the clustering of distorted loci, as previ-
ously reported in E. nitens (Byrne et al. 1995), and
subsequently in E. globulus (Bundock et al. 2000),
E. urophylla, and E. tereticornis (Gan et al. 2003). Such
clustering of loci may indicate a biological basis for
the observed distortion (reviewed in Bundock et al.
2000). Marques et al. (1998) reported that 15% of
AFLP bands displayed skewed segregation ratios in
a cross of E. tereticornis and E. grandis. Myburg et al.
(2004) observed an average of 28% transmission ra-
tio distortion of AFLP markers in the parental maps
of a wide interspecific backcross pedigree of E. gran-
dis and E. globulus. The distorted markers were lo-
cated in distinct regions of the parental maps. Rela-
tively high levels of distortion were observed in the
backcross parents, which was unexpected and sug-
gested that there may be genetic variability within
E. grandis and E. globulus for genetic factors that
affect hybrid fitness (Myburg et al. 2003). No over-
all suppression of recombination was detected in the
F1 hybrid, relative to the E. grandis and E. globulus
backcross parents, suggesting that the observed seg-
regation distortion was not related to genomic in-
compatibilities that may reduce recombination be-
tween E. grandis and E. globulus homologs. Gan et al.
(2003) also reported a high proportion of distorted
loci (33%) for E. tereticornis in an interspecific cross
with E. urophylla, which was higher than what had
been identified in previous studies (Marques et al.
1998). It is evident from these studies that there is
great potential to use high-resolution genome map-
ping to elucidate the genetic basis of intraspecific and
interspecific crossing barriers in Eucalyptus. The in-
creased use of codominant markers in genetic map-
ping studies will further allow the differentiation of
gametic and zygotic mechanisms of distortion (My-
burg et al. 2003).

4.2.6
Comparative Mapping

Comparative mapping studies rely on a set of com-
mon transferable markers that segregate in multiple
species or pedigrees of interest. Comparative genetic
mapping is a powerful approach to study genetic dif-
ferentiation, genomic structure, genome evolution,
and reproductive isolation in diverging species. In
Eucalyptus, the verification of synteny and collinear-
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ity will add enormous value to the identification and
isolation of genes and the validation of gene and QTL
positions in multiple pedigrees. One of the imme-
diate objectives would be to align current genetic
linkage maps of species in the subgenus Symphy-
omyrtus and particularly those in the sections Maid-
enaria, Exsertaria, and Latoangulatae, which contain
most of the commercially planted eucalypt species
(Table 1).

Verhaegen and Plomion (1996) used 25 RAPD
intercross markers to identify homeology between
LGs (LGs) in E. urophylla and E. grandis, both mem-
bers of the section Latoangulatae. Despite the limita-
tions of RAPD markers regarding locus specificity,
the authors successfully used some of the RAPD
markers that had been previously mapped by Grat-
tapaglia and Sederoff (1994) to identify four homol-
ogous LGs in E. urophylla and three in E. grandis.
Marques et al. (1998) used 19 AFLP intercross mark-
ers to suggest homeology between LGs in E. glob-
ulus (section Maidenaria) and E. tereticornis (sec-
tion Exsertaria). Brondani et al. (1998) developed 20
SSR markers for Eucalyptus and verified synteny in
six E. grandis and E. urophylla LGs. With the same
set of SSR, homeology was extended between these
speciesand twoE.globulusmaps(Bundocket al. 2000)
and, later, an E. tereticornis and another E. globu-
lus map (Marques et al. 2002). Marques et al. (2002)
reported synteny of SSR loci and QTLs for vegeta-
tive propagation in four eucalypt species. Brondani
et al. (2002) contributed an additional 50 SSR mark-
ers for comparative mapping in Eucalyptus. These
markers were used to establish collinearity and syn-
teny among 10 LGs of E. grandis and E. urophylla. In
their double-pseudotestcross mapping pedigree, My-
burg et al. (2003) were able to align maps of all 11 LGs
of E. grandis, E. globulus, and their F1 hybrid, and the
authors reported very high collinearity between the
genomes of these two species, which represent one of
the widest crosses among commercially planted eu-
calypt species.

Although it is possible that smaller genome re-
arrangements exist, all of the mapping studies above
signify high genome collinearity within the subgenus
Symphyomyrtus. The morphological similarity and
genetic compatibility in sexual crosses among euca-
lypts from the same subgenus may also suggest high
levels of DNA sequence conservation. This is sup-
ported by results of SSR primer transferability stud-
ies (Byrne et al. 1996; Brondani et al. 2002; Marques
et al. 2002), which suggest that prospects for transfer-

ring microsatellite mapping information across euca-
lypt species are excellent. The prospects seem good
for obtaining a subgenuswide reference map with
SSR and gene-based markers in the foreseeable fu-
ture.

4.2.7
Future Perspective: Integration and Application
of Genetic Linkage Maps

Integrated genetic linkage maps (defined below) will
provide a framework for the application of molecular
breeding, as well as for addressing questions of popu-
lation and conservation genetics of eucalypt species.
The construction of integrated linkage maps in out-
bred eucalypt pedigrees relies on the use of codom-
inant markers that are informative (polymorphic) in
both parental maps of the pedigree, allowing com-
plete integration of the two parental maps. Ideally,
such codominant markers will also be informative
in other related and unrelated crosses, allowing in-
tegration, or at least alignment of multiple genetic
linkage maps. If successful, Eucalyptus researchers
will in the future be able to use genetic informa-
tion from multiple mapping pedigrees to guide popu-
lation (association) genetic studies and, ultimately,
perform molecular breeding of eucalypt species and
hybrids. The construction of a genuswide reference
map for Eucalyptus, or a series of connected linkage
maps that represent the genus, is now both a com-
mercial and an academic research target. A reason-
able number (>400) of codominant markers such as
microsatellites, gene and EST markers are currently
available, allowing the alignment of existing linkage
maps in the three commercially important sections of
the subgenus Symphyomyrtus. The Genolyptus project
in Brazil is developing and mapping more than 1,200
new SSR markers identified from different sources,
including a large EST database and a growing num-
ber of BAC-end sequences (Grattapaglia et al. 2004).
Some of these markers will allow the anchoring of ge-
nomic clone (BAC) contigs to existing genetic linkage
maps, supporting the construction of localized phys-
ical maps focused on genomic regions in which a sig-
nificant concentration of QTLs for important traits
have been detected. The identification of genes in
these regions will assist functional genomics studies,
providing insights on the mechanisms of gene expres-
sion and regulation. Besides helping to characterize
QTLs, the integration of known genes into linkage
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maps will also be useful for gross comparative map-
ping of Eucalyptus with model plant species (e.g., Ara-
bidopsis) anddifferent treegenera suchas Populusand
Pinus. Information exchange and comparison among
laboratories and independent experiments will speed
candidate gene mapping, QTL verification, and the
implementation of marker-assisted selection (MAS)
in eucalypt breeding.

4.3
QTL Mapping in Eucalyptus

4.3.1
Historical Perspective on QTL Analysis

The foundation for quantitative trait locus (QTL)
analysiswasestablishedalmostacenturyago.Thomas
H. Morgan (1910) discovered the principles of linkage
mapping and demonstrated that genes were linked
and could be placed into groups that were equal
in number to that of the haploid chromosomes in
Drosophila. The genetic distance between genes was
later defined by Haldane (1919) based on recombi-
nation frequencies. Finally, the connection between
segregating genetic elements and quantitative traits
was proposed by Karl Sax in 1923, who observed
that “inherent size differences are apparently depen-
dent on Mendelizing factors,” but that in “most cases
many factors are involved and simple ratios are not
obtained.” More sophisticated approaches were later
introduced that used the genotypic information from
two adjacent loci to more accurately estimate the ef-
fect and position of QTLs in marker intervals (Pater-
son et al. 1988; Lander and Botstein 1989) and con-
trol for the effect of other markers associated with
the trait (Jansen and Stam 1994; Zeng 1994). An-
other limitation of the early days of QTL analysis
was the lack of broad marker coverage of mapped
genomes. Isozymes and restriction fragment length
polymorphisms, or RFLPs (Botstein et al. 1980), par-
tially resolved this limitation.High-densitymapswere
later developed using several PCR-based methods
(Mullis and Faloona 1987; Williams et al. 1990; Welsh
and McClelland 1990; Vos et al. 1995) and, more re-
cently, high-throughout single nucleotide polymor-
phism (SNP) genotyping methods (Chen and Sullivan
2003). This section provides a brief overview of the ap-
plication of QTL mapping in Eucalyptus, a summary
of the traits that have been targeted for QTL map-
ping, and a discussion of new integrative genomics

approaches for the molecular dissection of quantita-
tive traits in Eucalyptus.

4.3.2
QTL Mapping in Eucalyptus, Limitations
and Advantages

Success in QTL identification relies on crossing two
individuals with alternative alleles at loci affecting
a trait of interest and following the segregation of the
parental genomes in the progeny. Multiple genetic loci
should be genotyped, with ample genome coverage,
so that all of the genomic regions that may affect the
trait are evaluated. The first genomewide QTL anal-
ysis carried out in plants identified few QTLs with
large effect (Paterson et al. 1988, 1991; Stuber et al.
1992), suggesting that loci linked to traits of interest
could be rapidly incorporated into traditional breed-
ing programs, through MAS. The early success in crop
plants was, however, not expected to be repeated in
forest tree species, and the predictions were that QTL
identification was going to be limited (Strauss et al.
1992).

The primary limitation of QTL analysis in forest
tree genera such as Eucalyptus is related to the types
of crosses that are the basis for QTL identification
methods in agricultural crops (e.g., backcrosses and
F2intercrosses). Traditional backcrosses and F2s rely
on the creation of inbred lines, which cannot be read-
ily generated for forest tree species due to high ge-
netic load and inbreeding depression. Consequently,
a typical full-sib tree family may have up to four alleles
segregating at any given locus, often in unknown link-
age phase. In conifers, the problem can be partially
overcome by the analysis of maternally inherited hap-
loid tissue from the seed megagametophyte (Adams
and Joly 1980). This alternative is not possible in Eu-
calyptus and other woody angiosperms. Nonetheless,
novel mapping designs, such as the two-way pseu-
dotestcross strategy (Grattapaglia et al. 1994), have
allowed genetic mapping and QTL analysis to be pur-
sued in highly heterozygous forest tree species using
models and software developed for inbred lines.

Another limitation was associated with the long-
lived nature of forest tree species. Perennial plants
undergo significant morphological changes through-
out development, and different sets of genes may con-
tribute to phenotypic variation from the juvenile to
mature phase. Developmental changes in wood qual-
ity and growth are very significant in conifers (Zobel
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and Sprague 1998). These changes are also observed
in most Eucalyptus species, although they are less
pronounced. Changes in the set of genes that control
a quantitative trait may also be due to environmental
variation, as perennial plants have to adapt to chang-
ing conditions throughout multiple growing seasons.
Seasonal and year-to-year variation in sources of bi-
otic and abiotic stress imply that different physiolog-
ical mechanisms may need to be activated for plant
survival. Some genetic loci may be vital for survival
and have significant pleiotropic effects on growth in
one year while being essentially “unnecessary” the
next, when the stress is no longer existent. Changes
in the major genetic loci regulating growth and wood
density were documented by Verhaegen et al. (1997),
over a period of 18 months, in an F1 cross of E. gran-
dis and E. urophylla. None of the QTLs detected at one
time (18, 24, and 36 months of age) could be repeated
throughout the entire experiment, suggesting that dif-
ferent loci are contributing to phenotypic variation
during different stages of development. Weng et al.
(2002) showed in Pinus that the variance explained
by major QTLs decreases over time, suggesting the
increased complexity of quantitative traits with ag-
ing of the tree. The contribution of different sets of
genes to quantitative variation during development
may lead to lower power of detecting QTLs, as a phe-
notypemeasuredat rotationage essentially represents
the cumulative effect of many distinct genes.

QTL mapping trials in forest trees generally sam-
ple more environmental variation per site than equi-
valent experiments in crop plants that can often be
grown in high density, or sometimes even in green-
houses. Where replicated trails are possible (clonal
propagation of mapping progeny) QTLs may be de-
tected in one site while being absent in other sites.
Numerous studies in crop plants have identified com-
mon QTLs in several environments and QTLs that are
specific to certain sites, suggesting genotype by envi-
ronment interactions (Patersonet al. 1991;Teulat et al.
2001; Hittalmani et al. 2003; Leon et al. 2003). Studies
that evaluate the conservation of QTL in different en-
vironments have not been published in forest tree
species, to our knowledge. A partnership of industry
and governmental research institutions in Brazil, the
Genolyptus project, has initiated the planting of sev-
eral clonally propagated populations in a broad range
of locations and environments. This study will shed
lighton the stabilityofQTLs indifferent environments
in Eucalyptus (D. Grattapaglia personal communica-
tion). Because QTL experiments in forest tree species

typically require large field plantations that are car-
ried out in field sites that are highly heterogeneous, it
is likely that confounding effect from the environment
(spatial variation) can diminish the power of QTL de-
tection. Environmental variation can be accounted
for by analysing spatial variation in field sites (e.g.,
Dutkowski et al. 2002) and by assessing phenotypes
in multiple sites.

These and other limitations suggested early on
that QTL identification of traits of interest for com-
mercial forestry would be largely unsuccessful and
possibly would be limited to the analysis of traits
of chemical or morphological nature (Strauss et al.
1992). However, early studies, carried out in Eucalyp-
tus, Populus, and Pinus, showed that QTLs for growth
and wood-quality traits could be readily identified
(Groover et al. 1994; Bradshaw and Stettler 1995; Grat-
tapaglia et al. 1995). Nevertheless, QTL studies car-
ried out in Eucalyptus and other forest tree species
have typically identified fewer QTLs and explained
a smaller proportion of the phenotypic variation,
compared to agronomic crops. QTL scans for a variety
of traits in crop species have been able to identify an
average of four major QTLs jointly explaining ca. 46%
of the phenotypic variance (Kearsey and Farquhar
1998). The limited power to detect QTLs in forest tree
mapping experiments relative to agricultural species
may be due to high environmental variation in tree
plantations, smaller populations tested, and develop-
mental variation.

Part of the success in the identification of QTLs
is forest tree species is likely due to the wide genetic
variation in the material that is commonly used in
tree breeding programs. Also, the essentially undo-
mesticated character of forest tree species and large
population sizes suggest that the majority of commer-
cially important alleles have not been lost or fixed yet
by selection. Although there have been major reduc-
tions in the gene pool during seed collections destined
for breeding programs in other parts of the world,
the gene pool remains essentially intact in natural
populations in Australia and adjacent islands. The
large population sizes and wide pollen dispersion that
are characteristic of outcrossing, undomesticated tree
species ensure that new alleles are maintained in the
population and not lost by genetic drift. Therefore,
QTL studies in eucalypt species typically detect QTLs
simply because there is large variation. Efforts based
on interspecific hybrids of eucalypts, in particular F2

interspecific progeny (e.g., Myburg 2001), have the
added advantage of exploring variation in alleles that
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underlie differentiation among species, frequently be-
cause of the unique characteristics and environmental
adaptation of eucalypt species.

4.3.3
QTLs Identified in Eucalyptus

QTL mapping in forest trees has been applied to the
identification of genetic loci associated with varia-
tion in biomass productivity (height, diameter, vol-
ume), stem form, wood properties (wood density and
composition, fiber traits, bark composition), vegeta-
tive propagation, biotic/abiotic stress response, devel-
opment, foliar chemistry, and inbreeding depression.
QTL analysis of transcript levels, measured by cDNA
microarray analysis of thousands of genes, has also
been reported recently (Kirst et al. 2005). A brief de-
scription of the most relevant QTL studies carried out
in Eucalyptus follows.

Biomass Productivity
Traits associated with biomass productivity (growth)
have been the most studied by QTL analysis in Eu-
calyptus (Grattapaglia et al. 1996; Byrne et al. 1997a;
Verhaegenet al. 1997;Thamarus et al. 2004;Kirst et al.
2004), and tree species in general, because of their
commercial importance and ease of phenotyping.
A direct comparison among studies is complicated by
the fact that they were generally carried out using dif-
ferent pedigrees, markers, cross designs (e.g.,half-sib,
full-sibF1, andbackcrosses), species, biomassproduc-
tivity estimators (i.e., height, diameter, volume, and
growth rate), ages and QTL detection methods (e.g.,
single-marker vs. composite interval mapping). Grat-
tapaglia and colleagues (1996) first identified QTLs for
circumference at breast height in a 6.5-year-old half-
sib population of E. grandis. A set of 300 individuals
was genotyped with 77 RAPDmarkers, and 3 QTLs ex-
plaining 13.7% of the phenotypic variation were iden-
tified. Byrne et al. (1997a) identified three QTLs for
seedling height (explaining between 10.3 and 14.7% of
phenotypic variation) in two three-generation pedi-
grees of E. nitens. A first indication of the level of
conservation of QTLs during the lifetime of Eucalyp-
tus was established by Verhaegen et al. (1997) in the
analysis of an F1 hybrid of E. grandis and E. urophylla.
A progeny set of 200 F1 individuals was measured at
18, 26, and 38 months for “vigor” (a combination of
height, circumference at breast height, and volume),
and QTLs were identified for each age. None of the

QTLs were detected consistently throughout the en-
tire experiment, but the majority (68%) were detected
in two consecutive ages. The phenotypic variation ex-
plained ranged from 5 to 14%. More recently, three
QTLs for height and diameter growth were identified
in a pseudobackcross of E. grandis and E. globulus
(Kirst et al. 2004). The study was part of an effort to
integrate gene expression data and QTL analysis to
identify genes controlling quantitative variation (de-
scribed below).

Wood Quality
Significant effort has been dedicated to the pheno-
typing and mapping of QTLs for wood physical and
chemical composition traits in Eucalyptus. The first
wood-quality-trait QTLs were identified by Gratta-
paglia and colleagues (1996) in a half-sib population
of E. grandis. Five QTLs that controlled almost half of
the genetic variation for wood-specific gravity were
identified. These initial studies were limited by the
technology for phenotyping wood physical and chem-
ical property traits, which carried high cost and la-
bor requirements. Recently, novel methods for wood-
quality phenotyping have been developed and applied
in forestry. These include near-infrared spectrometry
(Schimleck et al. 1996), SilviScan (x-ray densitometry
combined with automated scanning x-ray diffraction
and image analysis), mass spectrometry (Evans and
Ilic 2001), computer tomography X-ray densitometry
(CT scan), and pyrolysis molecular beam mass spec-
trometry (pyMBMS; Tuskan et al. 1999). Some meth-
ods are based on predictions based on measurements
of associated traits andcanbe lessprecise compared to
direct measurement methods. Lack of precision can,
however, be compensated in part by the size of the
populations that can be surveyed by these methods.

Myburg (2001) demonstrated the application of
indirect, high-throughput phenotyping of Eucalyptus
wood-quality traits by NIR for QTL mapping in
a pseudobackcross of E. grandis and E. globulus.
Approximately 300 individuals that had been previ-
ously genotyped with AFLP markers were analyzed
by NIR, and predictions were made for pulp yield,
alkali consumption, basic density, fiber length and
coarseness, and several wood chemical properties
(lignin, cellulose, and extractives). Basic density
was also measured directly. A comparison between
QTLs identified by direct and indirect measurements
yielded a few common and several distinct QTLs
between methods. More recently, Thamarus and
colleagues (2004) used novel high-throughput and
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traditional methods to quantify wood density, fiber
length, pulp yield, and microfiber angle (MFA)
in two full-sib families of E. globulus that shared
a common parent. Pulp yield and cellulose content
were determined by NIR, and MFA was quantified
by SilviScan. QTLs for all traits could be detected in
both populations (with the exception of fiber length),
including three QTLs in common genetic regions
on both crosses for wood density, one for pulp
yield, and one for microfibril angle. The proportion
of phenotypic variation explained by the QTLs
identified in both crosses ranged from 3.2 to 15.8%.

Abiotic Stress
Eucalyptus species have adapted to a broad range of
environmental conditions. Eucalyptus species are nat-
urally found in tropical and temperate regions, in high
altitude and coastal plains, and in the central Aus-
tralian desert. The different species exhibit consider-
able variation for different sources of abiotic stress.

Eucalyptus species display considerable variation
for salt tolerance, and QTLs for this trait were identi-
fied by Dale et al. (2000). Six F1 hybrid populations
from three salt-tolerant E. camaldulensis and two
highly productive, salt-sensitive E. grandis genotypes
were created and established in field plantations. In
addition, five ramets from each of 192 genotypes from
one of the populations were established in a green-
house, and growth and leaf chloride content were
phenotyped after a 2-week treatment. QTL analysis
of the mapping population identified three QTLs in
a RAPD-derived genetic map using multiple-interval
mapping. Three QTLs were contributed by the salt-
tolerant parent (E. camaldulensis) and three by the
less tolerant parent (E. grandis). Individual QTL ef-
fects ranged from 3 to 5% relative to the population
mean. The other populations were planted in field tri-
als, but no significant correlation was found between
the level of chloride in leaves in the greenhouse pop-
ulation and the same family grown in the field.

Frost tolerance has been another major target for
QTL identification (Byrne et al. 1997b; Fullard and
Moran 2003), mostly for the purpose of introgressing
frost-tolerance alleles from species adapted to tem-
perate regions and high altitude into the fast-growing,
commercial species from topical and subtropical ar-
eas. Byrne and colleagues (1997b) identified two QTLs
explaining 8 and 11% of the variation for frost toler-
ance in a cross of E. nitens involving parents selected
from regions of high and low frost incidence. Fullard

and Moran (2003) identified QTLs for frost tolerance
in a cross involving E. globulus (tolerant) and a frost-
susceptible hybrid of E. urophylla × E. grandis.

Biotic Stress
Inheritance of disease resistance in forest species is
in many cases explained by Mendelian factors. Major
genes that control tolerance to pathogens in forest tree
species were primarily identified in loblolly and sugar
pines (Devey et al. 1995; Wilcox et al. 1996; Harkins
et al. 1998) and in poplar hybrids (Newcombe et al.
1996; Stirling et al. 2001). Examples of quantitative
inheritance have also been identified (Newcombe and
Bradshaw 1996; Kubisiak et al. 1997), but the propor-
tion of the phenotypic variation explained by the QTL
is typically much larger than for traits such as growth
and wood quality.

Very few studies have attempted to identify QTLs
for disease resistance in Eucalyptus (Shepherd et al.
1995; Freeman et al. 2003; Junghans et al. 2003). How-
ever, very compelling evidence for the major gene
model observed in pines and poplar has also been
demonstrated in Eucalyptus (Junghans et al. 2003).
Analysis of the progeny from ten full-sib families of
E. grandis by Junghans and colleagues (2003) sug-
gested thepresenceofamajor locus for rust resistance.
Bulked segregant analysis (BSA) of one large full-sib
population identified a RAPD marker that cosegre-
gates with the resistance locus and may be useful for
MASor introgressionof the resistance locus intoother
genetic backgrounds.

Vegetative Propagation
The ease of propagating certain Eucalyptus
species/genotypes by rooted cuttings is a major
advantage for commercial clonal forestry. With
vegetative propagation, the genetic components
that contribute to a superior genotype, including
dominance and epistatic effects, are captured and
potentially multiplied into field plantations. There
is substantial variation in rooting ability within and
among Eucalyptus species. Vegetative propagation
traits also have reasonable heritabilities, typically
higher than growth traits. Grattapaglia et al. (1995)
first described the identification of QTLs for fresh
weight of micropropagated shoot, stump sprouting,
and rooting ability of cuttings in an F1 hybrid
population of E. grandis and E. urophylla. For
all traits that were quantified, a large proportion
(>60%) of the genetic variation could be explained
by the detected QTLs. Marques et al. (1999) car-
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ried out a similar analysis in a population of 315
genotypes from a pseudotestcross of E. tereticornis
and E. globulus. E. tereticornis typically has higher
rooting ability, but its pulping quality is inferior
to that of E. globulus. A broad variety of traits
were evaluated, and QTLs could be identified for
mortality of cuttings, adventitious rooting, sprouting
ability, and other propagation-related traits. The
results from these two studies were compared by
regenotyping the two populations with a set of
common SSR markers to establish synteny between
LGs and align them for comparison of QTL location
(Marques et al. 2002). Surprisingly, some QTLs could
be detected in homeologous LGs, which could be due
to variation in orthologous genes. An ancient allele
for vegetative propagation ability could have been
fixed in a common ancestor to one of the species in
each cross, which would explain why it segregated in
the two F1 populations. However, the phylogenetic
classification of E. grandis and E. urophylla into
a different section of Symphyomyrtus (Latoangu-
latae) than E. tereticornis and E. globulus (Exsertaria
and Maidenaria, respectively) does not support
this hypothesis. Alternatively, considering the broad
support interval of QTLs, there is a high probability
that two QTLs overlap by chance.

Developmental Traits
QTLs have been reported for a number of develop-
mental traits in Eucalyptus, including flowering pre-
cocity (Missiaggia and Grattapaglia 2005) and leaf
physical and chemical characteristics (Byrne et al.
1997a; Shepherd et al. 1999).

QTL Analysis of Gene Expression Levels
QTL analysis in Eucalyptus has focused mostly on
traits of importance to the forestry industry. However,
molecularphenotypes suchas transcript (mRNA)and
protein expression levels may also be analyzed using
traditional QTL detection methods. Transcript abun-
dance variation has been shown to be genetically con-
trolled and heritable (Dumas et al. 2000; Karp et al.
2000; Brem et al. 2002; Wayne and McIntyre 2002;
Schadt et al. 2003; Yvert et al. 2003). A genomic de-
scription of transcriptional regulation has recently
emerged in our work in Eucalyptus (Kirst et al. 2004,
2005) following similar demonstrations in yeast and
mice (Brem et al. 2002; Schadt et al. 2003; Yvert et al.
2003). Genetic mapping and transcript level informa-
tion were integrated to define genomic regions in-
volved in the regulation of gene expression by expres-

sion QTL (eQTL) analysis. Transcript level variation
was measured using a cDNA microarray platform for
2,605 genes in a segregating population of 91 indi-
viduals from a pseudobackcross of an F1 hybrid of
E. grandis and E. globulus (Myburg et al 2003), which
was backcrossed to a different E. grandis parent (Kirst
et al. 2005). QTL analysis of gene expression variation
in the E. grandis backcross family identified genomic
regions that harbor regulatory sequences controlling,
in cis- or trans-, the expression of 1,067 genes, or
41% of the genes represented on the microarray. Of
the 1,067 genes for which eQTLs were detected, 811
were located in the paternal (F1 hybrid parent) map
and 451 in the maternal (E. grandis backcross par-
ent) map. The eQTLs for 195 genes mapped to both
parental maps, the majority to nonhomologous LGs,
suggesting trans-regulationbydifferent loci in the two
genetic backgrounds. For 821 genes a single eQTL was
identified that explained up to 70% of the transcript
level variation (Kirst et al. 2005).

Thedescriptionof thegenetic architectureof tran-
script variation in Eucalyptus allowed for inference
about the relationship among expressed genes. In sev-
eral instances, the transcript abundance of genes that
were part of the same biochemical pathway (such as
the lignin biosynthetic pathway) was shown to be reg-
ulated by a single genetic locus (i.e., a shared eQTL,
Kirst et al. 2004). Some genes were regulated by multi-
ple genetic loci and shared several eQTLs. Many eQTL
hotspots have been shown, in our studies and others
(Brem et al. 2002; Yvert et al. 2003; Kirst et al. 2004),
to include genes associated with the same metabolic
and regulatory pathways, suggesting coordinated reg-
ulation of pathway genes by specific regulatory loci.
The correlation of gene expression patterns in segre-
gating progeny can also extend our knowledge about
genes involved in these pathways. The cDNAs rep-
resenting previously uncharacterized or hypothetical
genes, whose transcript levels are strongly correlated
with those of genes with known function, may be as-
sociated with the same pathway or biological process.
Similarly, new functions can tentatively be assigned
to previously characterized genes that had not been
described in the context revealing pleiotropic action
of these genes. A major limitation in this type of study
in Eucalyptus is the lack of a completed genome se-
quence, because without it the relative locations of
large numbers of genes and their eQTLs cannot be
determined. This information is required to assess
whether the genetic control of gene expression varia-
tion is in cis- or trans-, for each gene. The completion
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of the current E. camaldulensis genome sequencing
project will provide the first opportunity to dissect
the genetic control of gene expression levels in such
a fashion. In the meantime, master eQTLs that control
gene expression of important biochemical pathways
may have great value for molecular breeding in Euca-
lyptus.

4.3.4
Future Perspective: from QTL to Gene

QTL analysis identifies broad genomic regions linked
to one or more polymorphisms that cause variation
in a phenotype. These broad regions, or QTL support
intervals, typically span over 10 to 20 cM or more in
most studies carried out in Eucalyptus and other for-
est tree species. Previous estimates of the length of
Eucalyptus genetic maps have ranged between 1300
and 1,500 cM (Grattapaglia and Sederoff 1994; Byrne
et al. 1995;VerhaegenandPlomion1996;Myburget al.
2003), with some exceptions (Marques et al. 1998).
Therefore, for the haploid genome size of different
Eucalyptus species (370 to 700 megabase pairs, Grat-
tapaglia and Bradshaw 1994), the average physical dis-
tance of 1 cM is expected to range between 300 and
600 kbp. An average QTL would span 3 to 12 Mbp.
There are currently no accurate estimates of the num-
ber of genes in the Eucalyptus genome. Based on the
number of genes identified in the sequenced genome
of other angiosperms (Arabidopsis thaliana ∼ 26,000
genes, Populus trichocarpa ∼ 40,000), an estimate of
30,000 to 50,000 genes seems reasonable. Therefore,
a typical QTL interval of 10 to 20 cM may contain
anywhere from 200 to 1,000 genes, depending on the
precision of the QTL estimate and the gene density in
the QTL interval.

Identifying the gene that underlies a QTL remains
amajorchallenge inanyorganism.Thestandardstrat-
egy has been to fine-scale map the QTL by saturating
the region of interest with a large number of makers
and evaluating recombination in large progeny sets, to
define the location of the QTL at a very high resolution
(<1 cM). Chromosome walking can then be under-
taken to identifygenes in theregion. If the resolution is
sufficiently high, it can precisely identify the gene that
controls the quantitative variation. The large popula-
tions that are required and the labor-intensive effort
have limited the application of positional cloning to
a few examples in crop plants (reviewed in Morgante
and Salamini 2003). Positional cloning has not been

attempted for any of the QTLs identified in Eucalyp-
tus. However, efforts have been made to clone a gene
associated with disease-resistance loci in poplar, but
the effort has been hindered by the presence of a low-
recombination region in the vicinity of the resistance
locus. The cost of identifying markers closely linked
to quantitative loci and identifying recombinants rep-
resents a substantial challenge in forest genetics.

As discussed above, an integrative genomics ap-
proach that combines QTL mapping with gene ex-
pression analysis may be an alternative to traditional
methods of identifying genes underlying QTLs. Ge-
netic analysis of complex traits has normally been
carried out by correlating genotypic and phenotypic
variation in segregating populations and identifying
molecular markers associated with a quantitative trait
through QTL analysis and association studies. Com-
plex traits could also be analyzed from the perspec-
tive of transcript variation, as it represents an inter-
mediate stage between genotype and phenotype. In
contrast to anonymous markers, the transcript levels
of thousands of specific genes can be monitored in
a segregating population using genomic tools such as
microarray analysis that assess genomewide variation
in gene expression.

Characterizing the transcriptome of a segregating
family can provide valuable information for the dis-
section of complex traits. Several approaches that in-
tegrate genotypic and transcript level variation for the
identification of candidate genes have been suggested,
but the most powerful one involves the characteriza-
tion of large progeny sets. Schadt et al. (2003) iden-
tified candidate genes by detecting eQTLs that colo-
calized with QTLs for obesity in mice. Using a similar
strategy we have identified candidate genes underly-
ing QTLs for growth and wood density by contrast-
ing the transcript levels for individuals that inher-
ited alternative genotypes for significant phenotypic
QTLs in Eucalyptus (Kirst et al. 2004). We have also
been able to identify specific genetic loci that reg-
ulate metabolic pathways and confirmed that vari-
ation regulating the expression of metabolically re-
lated genes correlates with synthesis of the pathway
products (Kirst et al. 2004). For lignin biosynthesis,
our previous studies identified genes encoding en-
zymes of the phenylpropanoid, shikimate, and me-
thionine pathways (all involved in lignin biosynthe-
sis) that have a common eQTL, which overlaps with
QTLs for growth in two LGs. Genetic mapping of these
genes indicates trans- regulationof thepathwaygenes.
These preliminary results indicate that the integra-
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tion of different genetic information streams (genetic
maps, transcript levels, and traditional phenotypic
traits) collected from a segregating population can be
highly effective in the dissection of the genetic net-
works that control variation in complex traits such
as lignin content and growth. Since most QTL map-
ping studies in Eucalyptus have been performed in
interspecific pedigrees, this integrative genomics ap-
proach holds the added promise of elucidating how
eucalypt species have become differentiated in the ge-
netic control of gene expression patterns and how this
affects observed differences in commercially impor-
tant traits.

4.4
Gene Mapping in Eucalyptus

4.4.1
From Anonymous Markers to Candidate Genes

The mapping and the characterization of genes in-
volved in the control of complex traits constitute anew
stage in our understanding of genome organization
and function in forest trees. New strategies exist to go
from the phenotype of a complex trait to the gene(s)
contributing all, or part of, its variability. One such
strategy would be to screen mutants for a given phe-
notype (morphological, biochemical, or molecular),
followed by fine-scale genetic mapping of the mutant
and identification of the mutated gene. Forward ge-
netics approaches such as these have, unfortunately,
not been feasible in forest trees, mainly due to the
long generation times and outbred nature of forest
tree species and the difficulty of screening for the
adult phenotypes that we are interested in. Alterna-
tively, complex traits canbebrokendown intoelemen-
tary components, each with Mendelian inheritance
(i.e., quantitative trait loci, or QTLs), particularly at
the physiological or biochemical levels (Paterson et al.
1988; Damerval et al. 1994), as discussed in the pre-
vious section. These studies can be followed up with
the colocalization of QTLs and candidate genes on ge-
netic maps in order to identify positional candidate
genes that can be targeted for further confirmatory
studies such as association genetic analysis in tree
populations (e.g., Thumma et al. 2005), or transgenic
studies.

QTL-candidate gene colocalization studies are
presently limited by the low resolution of QTL map-
ping studies performed so far in Eucalyptus. As dis-

cussed in the previous section, the confidence inter-
val of a QTL is often between 10 and 20 cM (Mangin
et al. 1994). In Eucalyptus, such an interval could span
up to 12 Mbp (Grattapaglia and Bradshaw 1994), i.e.,
potentially hundreds of genes. The low resolution of
QTL characterization is one of the major factors lim-
iting their usefulness in MAS and gene cloning. Nev-
ertheless, of the possible strategies to identify genes
underlying QTLs, the candidate gene approach is cer-
tainly the simplest. As QTL information is gathered in
increasing numbers of unrelated pedigrees, the asso-
ciation of some candidate genes and QTLs may gain
enough support to warrant their classification as po-
sitional candidates for the traits involved.

Functional candidate genes affecting the expres-
sion of a trait of interest can be selected a priori on the
basis of the known biochemical and metabolic path-
ways affecting this trait. The effect of a candidate gene
can be estimated using a traditional QTL analysis in
which a polymorphism inside the candidate gene is
used as an additional genetic marker. Such analyses,
of course, cannot exclude the possibility of another
closely linked candidate gene in the same QTL interval
and has to be followed up by populationwide associa-
tion studies. The colocalization of QTLs and genes of
known function has already been reported in several
plant species (Goldman et al. 1994; Causse et al. 1995;
Byrne et al. 1997a; Prioul et al. 1997; de Vienne et al.
1999; Pelleschi et al. 1999). In forest trees like Eucalyp-
tus species, such strategies are now being developed to
more efficiently identify positional candidate genes.
These approaches are generally based on the map-
ping of expressed sequences, i.e., known or unknown
genes,with an a priori knowledge of metabolic path-
ways involved in the trait of interest. The main interest
in direct candidate gene mapping is to get around the
requirement of linkage disequilibrium between the
gene and flanking markers, directly targeting its func-
tional variability. In this section, we briefly summa-
rize the genes and traits of interest for candidate-gene
mapping in Eucalyptus and we give an overview of
the methods used to detect polymorphism and map
candidate genes in this genus.

4.4.2
Traits and Genes of Interest in Eucalyptus

In Eucalyptus, growth, wood quality, disease resis-
tance, and vegetative-propagation-related traits are
considered the most important commercial traits for
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breeding programs. Several genetic factors with ma-
jor effect on the variation of these traits have been
detected by classical QTL analysis (see previous sec-
tion). However, the identification of candidate genes
underlying these QTLs is usually not reported. In-
deed, the mapping of known candidate genes is more
or less advanced according to the trait of interest.

Growth
Several studies have reported the mapping of ma-
jor QTLs for growth in controlled Eucalyptus crosses
(Grattapaglia et al. 1996; Byrne et al. 1997a; Verhae-
gen et al. 1997). Even if the QTL detection indicated
functional variability of some genes for growth vari-
ation, the identity of these genes remains undeter-
mined. Growth-related traits are a good example of
how a candidate gene approach is still difficult. The
complexity of growth phenotypes (due to the many
metabolic pathways and the relatively large environ-
mental effects that may be involved) makes it very
difficult to a priori select putative candidate genes to
map. Furthermore, major growth QTLs detected in
interspecific pedigrees are often related to hybrid ab-
normality or viability effects, which are generally not
useful for breeding purposes.

Vegetative Propagation
Vegetative propagation traits are important for the
development and deployment of clonal varieties of
Eucalyptus. Major QTLs for propagation traits have
been detected on Eucalyptus genetic maps (Marques
et al. 1999, 2002). Gion et al. (2000) mapped two can-
didate genes regulated by auxin, which are thought
to be involved in vegetative propagation traits. These
genes were cloned and sequenced from E. globulus
roots during the symbiosis between E. globulus and
Pisolythus (Carnero Diaz et al. 1996; Nehls et al. 1998).
However, the study of colocalization between these
genes and propagation-related traits did not reveal
any effect of gene variability on phenotypic variation
in an interspecific cross of E. urophylla and E. grandis
(Gion 2001).

Wood Quality
Wood quality is today the most important trait for
which gene discovery is in progress. Many genomic
studies have reported the analysis of genes expressed
during wood formation and, more particularly, dur-
ing xylogenesis (Hertzberg et al. 2001; Israelsson et al.
2003; Yang et al. 2003; Egertsdotter et al. 2004; Yang
et al. 2004a, b; Paux et al. 2004, 2005; Foucart et al.

2006). Some important metabolic pathways produc-
ing the chemical components of wood, like lignin or
cellulose, are well known. Indeed, the first example of
a wood property for which genomic data were avail-
able for association studies was that of lignification
genes. Several structural and regulatory genes in-
volved in lignin biosynthesis are known in Eucalyptus,
including those encoding components of the common
phenylpropanoid pathway (PAL, C3H, C4H, COMT,
CCoAOMT, and 4CL) and those of the monolignol-
specific pathway like CCR and CAD as well lignin
regulatory factors such as MYB transcription factors
(Goicoechea et al. 2005). All of these genes seem to be
good candidates for QTL colocalization studies with
wood-quality and lignin-content QTLs.

Other Traits and Genes
Some other genes that are not directly linked to the
targeted traits of breeding programs, like architec-
tural and floral development traits, have also been
localized in Eucalyptus (Thamarus et al. 2002). Re-
sistance to rust has been studied in E. grandis from
Brazil (Junghans et al. 2003), foliar oil composition
in E. grandis (Shepherd et al. 1999), and frost toler-
ance in E. nitens (Byrne et al. 1997b). More than the
knowledge of metabolic pathway involved, the choice
of mapped genes depends to a great extent on the
availability of gene sequences in the public databases.

4.4.3
Eucalyptus Species and Populations Used
for Gene Mapping

Currently, the genomes of only five of the major Euca-
lyptus species used for plantation forestry have been
mapped with relatively high map coverage: E. glob-
ulus, E. grandis, E. urophylla, E. tereticornis, and
E. nitens (Tables 3 and 4). Different works have re-
ported a high level of genetic variability in these
species for phenotypic data (Potts and Jordan 1994;
Chambers et al. 1997; MacDonald et al. 1997) and
for molecular data (Byrne et al. 1994, 1996; Martins-
Corder and Lopez 1997; Brondani et al. 1998). In spite
of the high levels of reported intraspecific variabil-
ity, other results suggest high conservation at the
genome and sequence level between different Sym-
phyomyrtus species (Byrneet al. 1996;Gionet al. 2000,
2005), allowing the use of gene sequences from one
species to target and map the homologous gene in
other species. The relative ease of making interspe-
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cific crossesbetweenSymphyomyrtus species also sug-
gests high levels of genome conservation, despite dif-
ferences in genome size of up to 20% (Grattapaglia
and Bradshaw 1994). Interspecific hybridization has
been exploited in Eucalyptus breeding programs to
combine desirable traits from different species. This
explains why most mapping populations in Eucalyp-
tus have been based on interspecific crosses (Tables 3
and 4).

The species generally used for gene sequencing
correspond globally to the same Eucalyptus species
used for genetic mapping. However, the genomes of
some species that have been used for gene sequenc-
ing like E. gunnii and E. camaldulensis have not been
mapped yet. Fortunately, these species also belong to
the Symphyomyrtus subgenus (Maidenaria and Exser-
taria sections) and they are closely related to the
mapping species. The high degree of marker transfer-
ability among Eucalyptus species constitutes a unique
opportunity for comparative gene and genome map-
ping in these tree species.

4.4.4
Genomic Resources for Gene Mapping
in Eucalyptus

High-throughput functional genomics efforts such as
EST projects are an important source of sequence data
to develop new molecular markers for gene mapping
(Gupta and Rustgi 2004). The interest in these se-
quences for genetic mapping depends on their nature
and variability.

Eucalyptus Gene Sequences Available
for Marker Development
During the last decade, the number ofEucalyptus gene
sequences in public databases has increased dramat-
ically (Fig. 1) but trails far behind that available for
other trees such as pines and poplar. The first Eucalyp-
tusgenesequencedeposited intoapublicdatabasewas
an mRNA sequence for a lignin gene (CAD) in E. gun-
nii (Feuillet et al. 1993). For the next decade, the num-
ber of eucalypt sequences in the database was fewer
than one thousand, including several different types
of sequences (nuclear, chloroplast, and mitochondrial
sequences). The most prevalent sequences were ribo-
somal sequences used for phylogenetic studies, which
represented 39% of available sequences compared to
25% for EST sequences. After 2003, the sequence
number increased 40-fold, principally due to EST de-

velopment from four Eucalyptus species: E. grandis,
E. tereticornis, E. globulus, and E. gunnii (Kirst et al.
2004; Paux et al. 2004; Foucart et al. 2006, P. Sivadon
personnal communication). These sequences, which
currently represent 92% of the total number of Eu-
calyptus entries, constitute an interesting library for
candidate-gene mapping. Around 15,000 entries cor-
responding to ESTs of Eucalyptus are freely available
in the EMBL nucleotide database. Private Eucalyptus
functional genomics projects are also in progress in
countries such as Japan (Sato et al. 2005) and Brazil
(Grattapaglia2004), andvery largeESTdatabaseshave
beengeneratedbyprivate consortia suchasArborgen.
The registration of these sequences in the interna-
tional databases would constitute a major asset for
the international scientific community.

The 15,000 Eucalyptus EST and mRNA sequences
in EMBL were developed from different types of tis-
sues: flower andcarpel (8% of the sequences), seedling
(8%), leaf (6%), differentiating xylem (77%), root
(<1%), and ectomycorrhiza (<1%). Although xylem
ESTs are clearly overrepresented, the multiple origins
of around 3,000 ESTs constitute an interesting col-
lection of expressed gene sequences for the mapping
of different types of genes affecting traits of interest.
The majority of these sequences will be useful for gene
mapping because most (99%) are longer than 150 bp,
allowing the design of specific primers to amplify ge-
nomic DNA in other genotypes and/or species.

Various methods have been used to generate EST
databases for Eucalyptus. For example, Paux et al.
(2004) generated a xylem subtractive library using
the suppression subtractive hybridization (SSH) tech-
nique (Diatchenko et al. 1996) in order to obtain
a cDNA library enriched in xylem-specific sequences.
In total, 224 unique sequences (unigenes) were ob-
tained with an average length of 382 bp. The func-
tional classification of these EST sequences, accord-
ing to the MIPS standard (Paux et al. 2004), revealed
a high proportion of sequences classified either as
“no hits” (44%) or as “proteins of unknown func-
tion” (17%). For those sequences where putative func-
tion could be assigned (39%), several functional cat-
egories were represented, reflecting the complexity
of secondary xylem in woody angiosperms. Some of
these ESTs developed from E. gunnii were tested for
their transferability across theEucalyptusgenus (Gion
et al. 2005). Primers were designed according to the
E. gunnii sequences andPCRamplificationperformed
on genomic DNA from 30 different species (3 geno-
types/species). The transferability decreases with in-
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Fig. 1. Number of Eu-
calyptus sequences in the
EMBL database from 1992
to 2006 (May). The rela-
tive proportion of sequence
types is indicated from 1992
to 2002 and from 2003 to
2006; EST ( ), chloroplast
or mitochondrial genes ( ),
full-length mRNA and com-
plete gene ( ), SSR ( ),
ribosomal gene ( ), cleaved
amplified polymorphic se-
quence ( ), and unassigned
DNA sequences ( )

creasing phylogenetic distance from E. gunnii, from
94% for the subgenus Symphyomyrtus sections Maid-
enaria, Latoangulatae, and Exsertaria, to 68% for the
subgenus Monocalyptus and only 48% for the genus
Corymbia. This work revealed the high potential of
Eucalyptus ESTs for comparative mapping and asso-
ciation studies between candidate genes and quanti-
tative traits at the subgenus or genus level.

In the near future, we can expect that the number
of available Eucalyptus sequences in public databases
will continue to increase. The idea of a cooperative
effort for the development of Eucalyptus genomic
resources coordinated by the Eucalyptus Genome
Network (EUCAGEN) could be a major asset for gene-
mapping efforts in Eucalyptus. It would then be nec-
essary to develop new technologies that would allow
the high-throughput mapping of thousands of ESTs in
Eucalyptus.

4.4.5
Gene Mapping in Eucalyptus: Technologies
and Perspectives

The first generation of Eucalyptus genetic maps was
mostly based on dominant, anonymous markers that
allowed rapid saturation of LGs in order to achieve
high map coverage (Sect. 4.2, Table 3). Several ge-
netic maps were also constructed for Symphyomyrtus
species using different types of codominant molecu-
lar markers (Table 4). These genetic maps have been
used to detect the presence of major effect QTLs for

complex traits in Eucalyptus (discussed in Sect. 4.3.3).
More recently, with the availability of Eucalyptus ge-
nomic resources, it has become feasible to add gene
loci to these maps, and several studies have reported
the location of important target genes on these maps.

Genes and Marker Types Used for Gene Mapping
Byrne et al. (1995) reported the first gene mapping
results corresponding to four isozyme loci mapped
on E. nitens genetic maps. The three enzyme
systems used were malate dehydrogenase (MDH1
and MDH2), shikimic acid dehydrogenase (SDH),
and phosphogluconate dehydrogenase (PDH). The
polymorphism revealed in E. nitens intraspecific F1

progeny allowed the mapping of the MDH1, MDH2,
SDH, and PDH gene loci on four different LGs, 6,
1, 12, and 5, respectively. More recently, these same
and additional isozyme loci were mapped in the
E. globulus genome (Thamarus et al. 2002). However,
the most commonly used markers for gene mapping
in Eucalyptus have been PCR-based markers. The re-
cent availability of Eucalyptus sequences has allowed
the design of specific or degenerate primers for the
amplification of the orthologous gene or fragment
in the species of interest. Even where the design of
Eucalyptus-specific primers has not been feasible,
degenerate primers based on sequences from other
species have been used with success. As an example,
the PAL gene was mapped in E. urophylla genetic
maps by Gion et al. (2000) using degenerated primers
developed from ten different accession numbers.
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Several genes involved in the lignin biosynthe-
sis pathway have been mapped in E. grandis, E. uro-
phylla, and E. globulus (Gion et al. 2000; Myburg
2001; Thamarus et al. 2002). Some of these genes,
such as phenylalanine ammonia-lyase (PAL), Caffeate
O-methyltransferase (COMT), 4 coumarate Coen-
zyme A ligase (4CL), and Caffeoyl coenzyme A O-
methyltransferase (CCoAOMT), belong to the com-
mon phenylpropanoid pathway. Two others, cinnamyl
alcohol dehydrogenase (CAD) and cynnamoyl CoA
reductase (CCR), belong to the monolignol-specific
pathway. In E. grandis and E. urophylla, all of these
genes were significantly linked (LOD > 11) to previ-
ously mapped RAPD markers (Gion et al. 2000). The
mapping of lignin biosynthesis genes gives us for the
first time an overview of the genome organization
in Eucalyptus of a set of genes involved in the same
biosynthetic pathway. The fact that these genes are
located in five distinct genomic regions is a favorable
situation for QTL-candidate gene colocalization ef-
forts. It also increases the probability of finding trans-
gressive genotypes with favorable alleles for multiple
lignin genes.

In E. globulus, 31 cambium-specific ESTs were
mapped by Thamarus et al. (2002) and found to be lo-
catedon10differentLGs.Withanaverageof3ESTsper
LG, this EST set will be useful for comparative map-
ping in other Eucalyptus species. Carocha et al. (2004)
have started the mapping of 224 expressed candidate
genes and 83 additional functional candidate genes
in E. globulus. A success rate of 90% was achieved
with the amplification of targeted gene fragments in
E. globulus using primers designed on E. gunnii se-
quences. The mapping of the same set of expressional
candidate genes is in progress in E. urophylla and
E. grandis in the context of a European collaboration.

Four flowering genes have been mapped in E. glob-
ulus genetic maps (Moran et al. 2002). ELF1, EAP,
AGE1, and AGE2 were mapped on LG 3, 4, 3, and 9,
respectively. ELF1 was recently also mapped on LG 4
of E. urophylla (C. Boudet and J.-M. Gion unpublished
data). Junghans et al. (2003) reported the mapping of
a monogenic resistance locus for the Puccinia psidii
resistance gene 1 (Ppr1) relative to previously mapped
RAPD markers.

Methods Used to Detect Polymorphism
in Eucalyptus
The genomic resources obtained by EST sequencing,
or complete cDNA characterization, constitutes an
important source of nonanonymous genetic mark-

ers in Eucalyptus, provided that polymorphism can
be detected in these sequences. For the genetic map-
ping of such sequence tagged sites (STS), several tech-
niques can be used. The simplest methods include the
generation of PCR-RFLP, or cleaved amplified poly-
morphic sequence (CAPS) markers, which is based
on the digestion of amplified gene fragments with
specific restriction enzymes. The digestion products
are then observed on agarose gels after ethidium
bromide staining (Tragoonrung et al. 1992). Other
techniques, like thermal gradient gel electrophore-
sis (TGGE, Riesner et al. 1992) or denaturing gra-
dient gel electrophoresis (DGGE), are based on the
comparison of the stability of amplified DNA frag-
ments under specific thermal or denaturing condi-
tions. These techniques seem a priori simple, but
they require highly controlled conditions. Finally,
the most commonly used method in Eucalyptus has
been the single-strand conformation polymorphism
(SSCP) technique, which is based on the specific sec-
ondary structure of single-strand DNA under non-
denaturing conditions (Orita et al. 1989).

4.4.6
Future Perspective: Comparative Gene Mapping
and Candidate-Gene Analysis in Eucalyptus

In addition to its use for QTL characterization, gene
mapping is a useful approach to obtain a set of codom-
inant markers for comparative mapping studies in
Eucalyptus. For the moment, the number of com-
mon markers used for genetic mapping of Eucalyptus
species is not enough to realize detailed comparative
mapping of different eucalypt species. Fewer than ten
gene-based markers (PGD, MDH, ELF1, 4CL, COMT,
CCR, PAL, CAD, and CCoAOMT) have been mapped
in more than one genetic linkage map, allowing the
identification of homologies between the maps of dif-
ferent species. To date, only a small number of LGs
of E. globulus, E. urophylla, E. grandis, and E. nitens
could be identified as homologs (Fig. 2). The addition
of more ESTs on Eucalyptus genetic maps will allow
higher-resolution comparative mapping and investi-
gation of genome evolution in this genus.

A major goal of gene mapping in Eucalyptus has
been to determine the proportion of the variation in
quantitative traits that can be explained by the seg-
regation of allelic forms of candidate genes in view
of using these genes in molecular breeding. This has
been achieved by using candidate genes as molecular
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Fig. 2. Comparative mapping of LGs of E. globulus ( ), E. urophylla ( ), E. grandis ( ), and E. nitens ( ) based on Thamarus et al.
(2002), Gion et al. (2000), Brondani et al. (1998), and Byrne et al. (1995), respectively. Only codominant markers are represented
on the LGs. A total of five LGs are identified as homologs

markers in a normal QTL analysis and so determine
the colocalization of genes and QTLs. Some results on
gene and QTL colocalization have been published in
Eucalyptus. In E. globulus, the CCR gene locus was
mapped in a region of colocating with pulp yield
and cellulose QTLs on LG 10 (Thamarus et al. 2004).
Another colocalization was found between the ECS1
gene, a Eucalyptus homolog of cellulose synthase, and
a fiber length QTL on LG 8. This gene encodes a key
enzyme in the deposition of cellulose microfibrils in
plant cell walls. A hydroxymethyltransferase gene was
also found to colocate with a wood density QTL on
LG 1, while a p-glycoprotein was colocated with a pulp
yield QTL on LG 4 (Thamarus et al. 2004). The associ-
ation of candidate-gene loci with QTLs is suggestive,
but not indicative, of functional variability. Even tight
marker-QTL linkage may represent large genomic re-
gions that may harbor the actual gene or regulatory
sequence underlying the QTL. All of these observed
colocalizations need to be validated by association
studies in more complex populations or by indepen-
dent QTL studies in other pedigrees. For example, the
colocalization between the CCR gene and a QTL for

lignin content in E. globulus has also been observed in
LG 6 of E. urophylla (Gion 2001). In this case, the CCR
gene explained 15% of the variation in lignin content
observed in an interspecific E. urophylla × E. grandis
family. These results in two different species suggest
that the CCR gene may be a good candidate gene for
molecular breeding for wood quality in Eucalyptus.

4.5
Physical Mapping and Map-Based
Cloning in Eucalyptus

The construction of resources for physical mapping
of whole genomes has been a key component of
map-based cloning and genome-sequencing efforts
in a number of species. Currently, the preferred ap-
proach for physical mapping of complex genomes in-
volves the construction of a library of large-insert bac-
terial artificial chromosome (BAC) clones (Shizuya
et al. 1992), followed by their assembly into a struc-
tured set using restriction enzyme fingerprinting
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technologies (Marra et al. 1997; Schein et al. 2004).
The rationale behind physical map construction for
any genome is the reliance on random breakage of
the genome structure and the subsequent ordering
of these genome pieces minimizing gaps and aiming
for a most likely order. A physical map can there-
fore be defined as an ordered set of clones compris-
ing a near-contiguous path across the target genome.
Such clone-based maps are used to validate sequence
assembly order, supply long-range linking informa-
tion for assembled sequences, anchor sequences to
genetic maps, supply contigs for positional cloning
efforts, and provide templates for closing gaps in full
genome sequencing. Fingerprint maps are also a criti-
cal resource for subsequent functional genomics stud-
ies because they provide a redundant and ordered
sampling of the genome with clones. In other words,
once assembled, physical maps are a key resource in
the dissemination of clones by known location for
use in several disciplines of biology. This section pro-
vides a brief overview of physical mapping method-
ologies and their application in genome mapping in
Eucalyptus. The potential use of these technologies for
map-based cloning and future molecular breeding in
Eucalyptus is discussed.

4.5.1
Physical Mapping Methodologies and Their Use
in Eucalyptus

With the technological advances in the ability to
clone and fingerprint larger DNA fragments, physical
maps have been constructed for a growing number of
species. Large-insert BAC fingerprint maps have been
developed for humans (McPherson et al. 2001), some
animal species includingmodel organisms Drosophila
(Hoskins et al. 2000), mouse (Gregory et al. 2002),
rat (Krzywinski et al. 2004), and economically im-
portant species such as chicken (Wallis et al. 2004)
and cow (http://www.bcgsc.ca/lab/mapping/bovine).
Physical maps have also been published for some
plant species including rice (Tao et al. 2001; Chen
et al. 2002), sorghum (Klein et al. 2000), Arabidop-
sis (Chang et al. 2001), and soybean (Wu et al. 2004),
while work is well advanced for other species such as
poplar (http://www.bcgsc.ca/gc/poplar), maize (Coe
et al. 2002), wheat (http://wheat.pw.usda.gov), and
grape (M. Morgante personal communication).

An excellent and thorough review of the different
fingerprinting techniques, detailing the pros and cons

of each and the science and statistical issues behind
physical map assembly, was recently published (Mey-
ers et al. 2004). Several factors play an important role
in the assembly of contigs or a full physical map, in-
cluding the genome size, the degree of repetitiveness
of the genome, the composition and age of repetitive
elements, and the fingerprinting method used. The
fingerprinting method for building physical maps in-
volves the restriction enzyme digestion of each BAC
clone into fragments, which are then separated by
electrophoresis and detected. Overlapping clones de-
rived from the same genomic region produce patterns
of shared restriction fragments, seen as shared bands
on a gel. The proportion of shared bands is indicative
of the degree of overlap. This is typically evaluated by
the “Sulston cutoff score,” i.e., the probability that the
number of bands matched between any two clones
is coincidental (Sulston et al. 1988). This statistical
evaluation and assembly is typically carried out us-
ing the only physical map assembly software available
today, FPC - Fingerprinted Contigs (Soderlund et al.
2000). The overlap across numerous clones is then
used to order the clones into contigs.

Different methods exist to generate clone finger-
prints that vary by the number of restriction en-
zymesusedand thedetectionmethod.Mostpublished
physical maps to date have been constructed using
single enzyme digestion, agarose gel electrophore-
sis, and conventional DNA stains. Variations of this
basic method have been published, taking advan-
tage of multiple enzyme digestion, multicolor fluores-
cent detection technology, and high-resolution capil-
lary electrophoresis (Ding et al. 1999, 2001; Luo et al.
2003). These different methods provide more or less
complex fingerprints, i.e., variable numbers of bands
that, in turn, have a significant impact on the ex-
tent of the overlap among clones and eventually on
the quality of the physical map and number of gaps
left. Meyers et al. (2004) showed that multiple-enzyme
multicolor fluorescent methods that result in more
complex fingerprints are superior to single-enzyme,
agarose resolutionmethods.This is intuitive as theob-
served bands serve as anchors along the BAC clone.
The larger thenumberofanchorsavailable, thegreater
the confidence indeclaringanoverlapbetweenclones.
Conversely, with larger numbers of bands, a highly
significant cutoff score is attained even at lower over-
lap percentages between clones. This is true, however,
only up to a certain number of bands per clone, af-
ter which false overlaps will likely occur. Recently, the
first physical map constructed using fluorescent fin-
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gerprinting technology and capillary electrophoresis
was published for Pennicillium (Xu et al. 2005). In that
work it was shown that the selection of fingerprinting
enzymes was crucial to quality map construction and
that the fingerprints labeled with one or two colors,
resulting in 40 to 70 bands per clone, were assembled
into much better quality maps than those labeled with
three or four colors.

Physical genome maps are generally built with
libraries that offer between 10- and 15-fold redun-
dant coverage, i.e., on average, each region of the
map is represented by 10 to 15 clones. Coverage re-
dundancy is critical to achieving map contiguity and
is used to provide evidence that individual clones
are not cloning artifacts but high-fidelity represen-
tations of the underlying genome. Physical maps as-
sembled with higher information content fingerprint-
ing methods will require a lower coverage redundancy
as they allow detection of smaller overlaps with high
confidence. Furthermore, the way that the BAC clones
were produced also determines the final quality of
the physical map in terms of gaps. As pointed out
by Meyers et al. (2004), two kinds of gaps can occur:
(1) assembly gaps resulting from the false-negative
rate that is determined with the choice of the cutoff
andcorrespond toour inability todetect existingover-
laps between clones; and (2) physical gaps result from
regions that are not covered in the clone collection.
BAC clones produced by restriction enzyme digestion
will have larger gaps and deeper coverage in some re-
gions of the genome than a set of clones produced in
a completely random way, such as through mechani-
cal shearing.Theuseofdifferent librariesproducedby
digesting genomic DNA with different enzymes will
reduce physical gaps that might result from biased
restriction site distribution.

In a similar way to genetic map construction,
physical map assembly involves initially an automatic
step carried out at higher statistical stringency to
avoid false positives. Following this automatic assem-
bly, a manual analysis at lower stringency is carried
out when contigs are joined to build longer scaf-
folds. At this stage, linkage and ordering informa-
tion of mapped microsatellites together with know-
ledge of the BAC clones to which they were mapped
is very valuable for ordering contigs relative to one
another. After physical maps are constructed, redun-
dancy is unnecessary for a complete representation of
the genome, and most map-driven sequencing efforts
use the map to select a minimal tiling path, i.e., a min-
imal set of overlapping clones that together provides

complete coverage across a genomic region. For the
human genome, for example, after assembling a phys-
ical map with 415,000 BAC clones at a deep coverage
of 15×, a set of 32,855 validated clones were selected
to cover 99% of the whole genome (Krzywinski et al.
2004).

If on one side genetic mapping of Eucalyptus has
evolved quite rapidly in the last years, particularly so
with the advent of RAPD, AFLP, and, more recently,
microsatellite markers, no published report has come
out yet on the construction of BAC library resources
or physical maps for species of the genus. A complete
physical map for Eucalyptus will certainly represent
a great experimental resource for years to come. With
this concept in mind this task was started in the con-
text of the Genolyptus project in Brazil (Grattapaglia
2004). A Eucalyptus grandis BAC library with over
70% of the inserts averaging 150 kbp has been built
(S. Brommonschenkel personal communication). Ge-
nomic DNA for library contruction was isolated from
a pure E. grandis tree of good growth and adaptability
in Brazil, and originally from Australian Coffs Har-
bor provenance. A first set of 20,160 partially digested
HindIII clones was arrayed, covering an estimated
4× of the 630 Mbp of the E. grandis genome. Verifi-
cation of genome coverage was carried out by PCR
using a set of previously mapped single-locus mi-
crosatellite markers and STS markers for single-copy
genes using a simple bidimensional pooling strategy.
Such single-locus markers identified on average two
to five BAC clones and provided a satisfactory initial
experimental confirmation of the genome coverage
of this library. An analysis of cpDNA contamination
using chloroplast-specific microsatellites showed it to
be less than 1%.

Fingerprinting of the 20,160 E. grandis BAC clones
is currently under way using the method of Luo et al.
(2003). The clones are digested with four rare cutting
enzymes and a frequent cutter. Each of the rare cut-
ters leaves a different single-stranded overhang that is
then filled in with a distinct, labeled ddNTP using the
SNPshot labeling kit (Applied Biosystems). A fifth flu-
orochrome is used for the internal size standard, and
the digested products are resolved on a 5-dye ABI 3100
automated sequencer. To obtain reproducible finger-
prints, the DNA minipreps have to yield sufficient
and consistent amounts of BAC DNA. As no PCR is
involved in the process, the quality of the profile of
restriction fragments visualized as fluorescent peaks,
i.e., the fingerprint, is fully dependent on the quantity
and quality of BAC DNA.
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Using the BAC resource, a directed search for the
full genomic sequences of a number of candidate
genes involved in wood chemical composition has
been undertaken (Grattapaglia et al. 2004). Primers
were obtained from the literature and from con-
sensus sequences in ORFs derived from Eucalyptus
EST clusters. A hierarchical pooling strategy was em-
ployed to rapidly arrive at the BAC clone contain-
ing the gene of interest. BAC DNA midipreps were
performed by pooling the 96 clones from a single
plate. The 210 pooled DNA samples were, in turn,
pooled in 35 superpools of six 96-well plates, i.e.,
six DNA midiprep samples. Step one of the BAC li-
brary screening was carried out with 35 PCR reac-
tions plus the genomic DNA control. The six pools
were then screened for a single positive superpool
followed by colony-PCR screening of the positive 96-
well plate to arrive at the target BAC, thus totaling 140
PCRs to get to a gene. This strategy has allowed us
to land on BACs for genes that code for the follow-
ing proteins: bXylan, UDP-Glucose, Tubulin, Xyloglu-
can endotransdycosilase, MYB, Pectate lyase, CCR,
CCoAOMT, CAD, PAL, COMT, F5H, C4H, and 4CL.
Although more than one BAC clone was found for all
the genes but 4CL, supporting the 4× coverage, a sin-
gle BAC was selected for future shotgun sequencing
or primer walking. New primer sets pointing out of
the amplified segment were designed to provide the
full genomic sequence by subsequent walks. Alterna-
tively, shotgun sequencing and assembly of a single
BAC clone is being considered by selecting the short-
est BAC clone identified in the library that contains
the gene of interest. With the full genomic sequence
in hand it should be possible to identify regulatory
regions and carry out a detailed analysis of polymor-
phism in a set of individuals by resequencing spe-
cific upstream regions in an association mapping ap-
proach.

Parallel to clone fingerprinting, both ends of the
20,160 cloneshavebeen sequenced.TheseBAC endse-
quences could be aligned to the 4× shotgun sequenc-
ing now in progress for E. camaldulensis at Kazusa
DNA Research Institute in Japan (and to the E. gran-
dis genome sequence possibly produced by DOE) to
provide long-range linking information for assem-
bled sequences and templates for closing gaps in the
draft genome sequence. Even though the BAC library
is from E. grandis and the shotgun sequence from
E. camaldulensis, the extensive genome homology
found across species of the same subgenus Symphy-
omyrtus should allow using the BAC end sequences as

useful connectors for closing gaps in interesting re-
gions of the genome. The BAC ends will also be a pro-
lific source of microsatellite and STS markers to help
anchor the BAC clones to a linkage map. In a sample
sequencinganalysis of the E. grandisgenomebasedon
7,395 random shotgun clones, Lourenço (2004) used
the software TROLL (Castelo et al. 2002) to identify
a total of 319 microsatellites for which primers could
be designed. Based on this study, it is expected that
thealmost 40,000phred-20BACendsequences should
provide at least 1000 nonredundant microsatellites (R.
Brondani personal communication).

In a reverse approach, a set of ∼120 frame-
work mapped microsatellite markers has been used
to screen the 4× BAC library with the objective of
anchoring specific BACs to a reference linkage map.
Microsatellites were selected based on (1) robustness
of amplification and allele interpretation; (2) absence
of locus duplication sometimes seen for microsatel-
lites in Eucalyptus; (3) high information content that
allowed the marker to be positioned on three inde-
pendently constructed linkage maps; (4) their relative
map position and ordering, attempting to cover the
largest extension of the genome from the recombina-
tion standpoint, at regular intervals; (5) fluorochrome
labeling of the marker so as to allow multiplexed
analysis. The same superpool-pool screening strat-
egy used to fish out gene-containing BAC clones is
being used to map microsatellites to BACs with the
added advantage of simultaneous screening of sev-
eral microsatellites labeled with different colors in the
samePCR.Due to the4× redundancy, screeningof the
BAC clones results in the discovery of more than one
positive BAC clone. As not all BAC clones will neces-
sarily fall into contigs during the future physical map
assembly, all the BAC clones that contain anchoring
microsatellites are sought.

Because most Eucalyptus maps have been con-
structed using nontransferable markers (RAPD or
AFLP) or with increasingly less used RFLP probes,
current numbering of Eucalyptus LGs is not consistent
across maps. With the increased use of microsatellites
this problem could be mitigated. However, even in the
existing maps that include microsatellites (Brondani
et al. 2002; Thamarus et al. 2002), LG numbering is
attributed arbitrarily. BAC clones containing mapped
microsatellitemarkers,oncemappedtochromosomes
using FISH, will ultimately allow assigning of the cor-
rect number to the LGs of Eucalyptus maps according
to the chromosome number defined by its pachytene
length or centromere position.
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E. grandis was the obvious choice for a first
BAC library and physical map resource as it consti-
tutes the genetic base of most tropically planted elite
germplasm. However, due to the special wood prop-
erties of the species and the great interest of breeders,
a second BAC library from E. globulus has been con-
structed (S. Brommonschenkel personal communica-
tion). Accumulated evidence indicates that genomic
homology and locus ordering between E. grandis
and E. globulus are very high (Marques et al. 2002).
It is therefore not in our immediate plans to build
a physical map of E. globulus but rather to use the
physical/genetic mapping information derived from
E. grandis to identify and explore specific genomic re-
gions in E. globulus by using its BAC library. Based on
the map information derived from E. grandis, it will
be possible, for example, to clone the full homolog
gene from E. globulus and thus compare in detail both
the coding and regulatory regions that could be re-
sponsible for differential patterns of gene expression
and resulting phenotypic variation.

4.5.2
Map-Based Cloning in Eucalyptus

Map-based or positional cloning relies on the identifi-
cation of closely linked markers to the target trait and
then uses chromosome walking or landing to identify,
isolate, and characterize the gene(s) responsible for
the trait (Wicking and Williamson 1991). Map-based
cloning requires genetic segregation for the trait of
interest and genetic mapping of the trait close to dis-
crete molecular markers. During chromosome walk-
ing, BAC clones are screened with a marker (PCR-
based or RFLP) that functions as a starting point.
New markers are then developed complementary to
sequences of the same BAC clone that are adjacent to
the starting point, and these are then used to identify
additional BAC clones overlapping the one selected
as the starting point. The procedure is used repet-
itively, working away from the starting point. This
is a time-consuming approach hindered by the large
amounts of DNA that often have to be crossed and by
the high frequency of repetitive DNA. Based on the
advances of genetic mapping and high-throughput
molecular marker technologies, Tanksley et al. (1995)
proposed and demonstrated a new paradigm for po-
sitional cloning of genes in complex plant genomes.
Chromosome landing involves the isolation of one or
more DNA markers at a physical distance from the tar-

geted gene that is less than the average insert size of
thegenomic librarybeingused for clone isolation.The
DNA markers are then used to screen the library and
isolate (or “land” on) the clone containing the gene,
without any need for chromosome walking and its
associated problems. Chromosome landing has been
themain strategyused formap-based cloningof genes
in plant genomes.

Findingand isolatingagenebymap-basedcloning
in a complex genome requires an integrated and
complex set of powerful genetic and genomic tools.
Genetic maps based on recombination frequencies
among markers are the starting point. However, they
provide only megabase-level resolution. In Eucalyp-
tus, 1% recombination between two markers or be-
tween a marker and a gene should correspond on
average to 500,000 base pairs of DNA, which can con-
tain several tens of genes (Grattapaglia and Bradshaw
1994). Furthermore, most QTL-mapping experiments
in Eucalyptus to date have only achieved resolutions
of between 10 and 30 cM, still very far from what is
needed for efficient positional cloning. The availabil-
ity of a physical map that is aligned and anchored
to a reference genetic map constructed with transfer-
able microsatellites would greatly facilitate positional
cloning in Eucalyptus. However, even without a com-
plete physical map, by simply screening the BAC li-
brary, in a chromosome landing approach, localized
physical maps can be constructed representing spe-
cific regions of the genome delimited by molecular
markers flanking the QTL of interest. This would re-
quire much higher resolution genetic mapping than
is currently performed in Eucalyptus (i.e., mapping
populations of more than 1,000 individuals).

Map-based cloning strategies are particularly ap-
propriate when the biochemical basis of the target
trait is unclear, thus precluding the use of a candidate-
gene approach. Over the last few years a number of
genes responsible forQTLshavebeencloned inplants,
although still restricted to rice, maize, tomato, and
Arabidopsis (see Morgante and Salamini 2003 for a re-
view). With the exception of the maize tb1 gene cloned
by transposon tagging, the others were all identified
by positional cloning. These genes code for transcrip-
tion factors, proteins involved in metabolism or ac-
tive in signal transduction pathways. Two of the three
genes identified as responsible for QTLs for flower-
ing times in rice were homologs of Arabidopsis genes
affecting flowering time. Comparative genome anal-
ysis of a Eucalyptus genome draft to the Arabidopsis
genome could significantly accelerate the prediction
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of the molecular basis of common traits between these
two species.

Limited Mendelian genetic analysis has been per-
formed in Eucalyptus so far, mostly due to the fact that
very few simply inherited traits have been identified
in eucalypt species that could be considered as in-
teresting and potential targets for positional cloning.
Exceptions could be the recently mapped major QTL
for Puccinia psidii rust resistance in E. grandis (Jung-
hans et al. 2003) and the early-flowering QTL also
mapped in E. grandis (Missiaggia and Grattapaglia
2005). Most economically relevant traits mapped in
Eucalyptus are, in fact, multifactorial and controlled
by unknown genes that can be genetically mapped
as QTLs but not easily identified. Nevertheless, traits
related to wood quality typically display high heri-
tability. Major-effect QTLs found and validated for
traits such as wood basic density could be targeted
for positional cloning. In human genetics the avail-
ability of microsatellite maps was a key step toward
the subsequent positional cloning of numerous hu-
man disease genes (Kong et al. 2002) as it allowed
comparing and consolidating segregation data from
different affected families. In Eucalyptus the situation
is similar. With the availability and widespread use
of a reference microsatellite map that allows detailed
comparative mapping and validation of major QTLs
across multiple pedigrees, the perspectives of map-
based cloning are tangible. An interesting example
could be a QTL for wood density mapped in E. glob-
ulus by Thamarus et al. (2004). As pointed out in that
report, this QTL could be the same as that reported
in E. urophylla/E. grandis (Verhaegen et al 1997; Gion
2001) since the LGs appear homologous on the basis
of common microsatellite markers.

To consider the possibility of positional cloning in
Eucalyptus, high-resolution mapping experiments are
required first, to attempt narrowing down the most
probable location of a target QTL to a specific BAC
contig. High-resolution mapping involves (1) choos-
ing appropriate segregating pedigrees, (2) generating
extended progeny sets of thousands of plants, (3) car-
rying out accurate phenotyping, and (4) genotyping
withhigh-throughputmarkers thatallowsaturationof
the target genomic regions followed by the conversion
of cosegregating markers to sequence tagged mark-
ers. At this level of resolution, crop plants benefit from
the availability of near-isogenic lines (NILs) differing
specifically for the QTL region and on the analysis
of thousands of progenies from their cross. This has
been the common way by which genes have been map-

based cloned in crop plants and Arabidopsis. A more
generally applicable alternative has been bulk segre-
gant analysis (BSA), which involves screening phe-
notypically contrasting bulks for regional mapping
(Michelmore et al. 1991).

In genetically heterogeneous Eucalyptus, the de-
velopment of NILs does not seem to be a feasible
goal in the near future. BSA, on the other hand, has
been successfully used for high-resolution mapping
of the Ppr1 locus that confers resistance to P. psiidi
rust (Junghans et al. 2003). For complex wood and
growth traits, well-planned and large (>2,000) inter-
specificoutbredF2 populations fromspecieswith con-
trasting phenotypes have to be generated. Phenotypic
differences between species may be due to fixed alle-
les within the species so that populations typically
segregate abundantly both genetically and phenotyp-
ically. F2 backcross populations involving E. grandis
and E. globulus have been successfully used for QTL
(Myburg 2001) and expression QTL mapping (Kirst
et al. 2004, 2005). Within the genetic limitations of
Eucalyptus, these would be the best populations for
map-based cloning of genes responsible for QTLs.
Given the improved methods for controlled pollina-
tion (Harbard et al. 1999) ,generating large progeny
sizes can be routinely done in Eucalyptus. Backcross
and intercross F2 families with over 2,000 trees were
generated and planted in the experimental network of
the Genolyptus project in Brazil to be potentially used
to clone validated QTLs.

Precise phenotypic assessment of large segregat-
ing progeny sets is an essential aspect in the high-
resolution mapping step. This should be achievable
in Eucalyptus for simply inherited binary traits such
as disease resistance or flowering mutations. For ex-
ample, high-resolution mapping allowed landing on
single BAC clones containing target genes in heterozy-
gous fruit trees with small genomes such as Citrus
(Denget al. 2001) andplum(Claverie et al. 2004).Both
reports, however, aimed at discrete disease-resistance
phenotypes. Continuously inherited traits such as
wood properties represent a challenge. Cloning each
one of the segregating progeny individuals would
maximize heritability for the traits and provide a way
tophenotypeplants at amuchhigher level of accuracy.
Cloning would also allow detailed phenotyping by de-
structive sampling when whole tree measurements
are needed. Improved statistical mapping methods
will also play a crucial role when attempting to nar-
row down the most probable location of the QTL and
identify a BAC contig comprising the desired gene(s).
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High-resolution mapping requires complemen-
tary genotyping technologies to microsatellites. Mi-
crosatellites are key to arrive at and carry out inter-
pedigree validation of genomic segments that contain
QTLs. However, the number of microsatellites avail-
able in a particular genomic region is still insufficient
to allow fine mapping at below centiMorgan resolu-
tion. Maybe in the near future, with the availability
of a shotgun draft of Eucalyptus, it will be possible to
develop thousands of microsatellites or at least have
the possibility of mining new microsatellites on de-
mand to target specific regionsof interest.At this time,
markers such as AFLP or variations thereof that inten-
sively scan the genome for single-nucleotide and in-
del polymorphism would be the choice (Myburg et al.
2001; Lezar et al. 2004). Alternatively, end sequences
of the BAC clones that constitute a contig can be used
to derive both microsatellite and STS markers. The
success of high-resolution mapping, however, is also
very much influenced by the rate of recombination in
the target region.An instructiveexamplewas reported
in poplar where high-resolution mapping was carried
out around a gene that confers resistance to poplar
leaf rust, a clearly defined phenotype with single-gene
inheritance. A high-resolution map was constructed
with 19 AFLP markers spanning 2.73 cM. However,
a severely reduced recombination rate in the region
failed to delimit the MXC3 locus within a 300-kbp in-
terval defined by the overlapping BAC clones (Stirling
et al. 2001). In this case, the most straightforward so-
lution would be to shotgun sequence and assemble
the whole BAC contig, which should not be a problem
with current costs and throughput of sequencing.

4.5.3
Future Perspective: Overcoming Challenges
to Map-Based Cloning in Eucalyptus

Given the challenges faced in positionally cloning
a gene in Eucalyptus, efforts should be spent to enrich
a reference microsatellite genetic map with hundreds,
or even thousands, of candidate genes. Genes mapped
and colocalized with QTLs or simply inherited phe-
notypes would make appealing positional candidate
genes. This is true especially for those genes whose
deduced function suggests that it could be the source
of genetic variation in the trait in question. With the
current availability of EST collections and the forth-
coming genomic shotgun of E. camaldulensis, large
numbers of gene sequences will be available to allow

thedesignofPCR-based strategies oroligoarraygeno-
typing (Borevitz et al. 2003) to carry out a massive
gene-mapping effort (M. Kirst personal communica-
tion).

Finally, once a BAC clone carrying the target gene
or apositional candidate gene is identified, anefficient
transformation system of Eucalyptus will be required
to carry out formal complementation tests. Although
some transformation protocols have recently been de-
veloped for Eucalyptus (Kawazu et al. 2003; Tournier
et al. 2003), all of these are still genotype dependent.
While this is a limitation when planning to transform
a specific elite clone, it should not represent a prob-
lem in the final stage of a map-based cloning work if
the phenotype altered by the cloned gene can be accu-
rately measured in the easily transformable genotype.

In concluding this section, it is clear that there are
still several genomic and genetic tools that need to
be developed or improved before one can seriously
consider map-based cloning in Eucalyptus. While the
genomic tools should come online in the next few
years, the biggest challenge that deserves thinking
about and planning still lies in the clear definition of
a target gene or QTL and the development and pheno-
typing of the appropriate populations. QTL mapping
and validation together with association mapping ex-
periments will, in effect, be the fundamental infor-
mation resources for any future map-based cloning
effort in Eucalyptus and thus should receive contin-
ued and improved attention by the eucalypt genome
community. The challenge thereafter will be to use
this information to develop molecular breeding tools
that can be successfully integrated into current euca-
lypt breeding programs.

4.6
Conclusions:
Opportunities for Genome Research
and Molecular Breeding in Eucalyptus

Eucalyptus tree species and their hybrids form the
basis of the largest hardwood plantation crop in the
world. These plantations produce the raw materials
for multibillion-dollar processing and manufacturing
industries based on wood fiber and timber. In some
of these industries, the emphasis is shifting from tra-
ditional products such as pulp and paper to novel,
lignocellulose-based polymers for use in future pro-
cessing technologies. With the recent increase in oil-
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based energy prices, there is also renewed interest
in more efficient use of the renewable biomass (e.g.,
lignin and hemicellulose) traditionally viewed as low-
value byproducts of pulping. The idea of using the tree
asabiorefinery fora rangeof secondaryproducts (e.g.,
ethanol) will be made feasible as much by the new en-
ergy economy as by our ability to breed or genetically
engineer trees that are much more suitable for such
processing. Fast-growing eucalypt hybrids are already
able to capture very large amounts of biomass per
unit land. Further genetic improvement and domes-
tication of eucalypt trees will provide a truly renew-
able source of timber, fiber, energy, and bioproducts
for future generations. As discussed throughout this
chapter, the completion of the Eucalyptus genome se-
quence and development of associated genomic map-
ping resources will be important endeavors in the
molecular domestication of this important fiber crop.
To conclude this chapter, we provide a brief summary
of opportunities that exist for genome research and
molecular breeding in Eucalyptus.

4.6.1
A Community Linkage Map

Research communities of model and crop plant
species have benefited much from the availability
of shared mapping resources such as recombinant
inbred line (RIL) populations (Lister and Dean 1993)
or doubled-haploid populations (Lu et al. 1996). Such
populations have provided a stable source of DNA
so that many researchers could contribute to the
mapping of markers and genes. The opportunity
now exists to generate a shared mapping pedigree
for Eucalyptus, preferably using the E. camaldulensis
or E. grandis clones donated for genome sequencing
in interspecific crosses. The F1 progeny (or later
F2 backcross progeny) can be immortalized by
maintaining the plants as pruned hedges for future
leaf sampling and DNA isolation. Such a resource
will allow Eucalyptus researchers worldwide to
contribute to the mapping of large numbers of genes
and markers onto a shared community linkage map,
which will provide a useful link between genetic
linkage data and the genome sequence (see below).

4.6.2
An Integrated Physical and Genetic Linkage Map

The E. camaldulensis genome sequencing effort in
Japan is proceeding without a genetic or physical

map of the particular genotype (T. Hibino personal
communication). This means that the genome se-
quence will eventually be made available as a large
number of unordered contigs. An opportunity ex-
ists to generate a high-density (and high-resolution)
genetic linkage map of E. camaldulensis and to use
the same markers to anchor sequence (BAC) con-
tigs onto the genetic linkage map. High-throughput
marker systems such as AFLP could be used to geno-
type mapping progeny and BAC pools in order to
obtain an integrated genetic and physical mapping
framework (Klein et al. 2000). However, microarray-
based marker systems such as Diversity Array Tech-
nology (DArT, Jaccoud et al. 2001; Lezar et al. 2004)
or oligoarray markers (e.g., Borevitz et al. 2003) now
hold the promise to simultaneously map thousands
of anonymous or gene-based markers onto genetic
and physical maps (M. Kirst personal communica-
tion). Such a high-resolution, integrated physical and
genetic linkage map will facilitate map-based cloning
of genes underlying QTLs. The E. grandis BAC library
and BAC end sequences constructed by the Genolyp-
tusproject inBrazil (seeprevious section)will provide
further opportunities for cross-linking of genetic and
physical (sequence) data.

4.6.3
Comparative Genome Mapping

A generic genotyping chip (e.g., DArT array) and a set
of highly transferable SSR markers will be useful for
comparative genome mapping in Eucalyptus. As dis-
cussed earlier in the chapter, the first priority would
be to construct comparative genetic maps of species
in the sections Maidenaria, Exsertaria, and Latoan-
gulatae in the subgenus Symphyomyrtus. The avail-
ability of comparative maps of the commercially im-
portant eucalypts will allow the integration of QTL
information and the dissection of QTL multiallelism.
Moreover, high-density genotyping (e.g., using mi-
croarrays) will provide the opportunity to study de-
tailed, genomewide patterns of genome evolution and
reproductive isolation in Eucalyptus (Myburg et al.
2004), which will greatly assist hybrid breeding in
this genus. A genotyping chip with thousands of
markers will also facilitate genomewide selection in
intra- and interspecific pedigrees and will be partic-
ularly useful for advanced-generation hybrid breed-
ing. It may even make backcross introgression fea-
sible if combined with accelerated breeding tech-
niques.
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4.6.4
Association Genetics

The successful application of molecular breeding
technologies in Eucalyptus will depend heavily on
our ability to first demonstrate the breeding value of
molecular polymorphisms (such as SNPs or SNP hap-
lotypes) in well-designed association genetic stud-
ies. The first generation of association genetic studies
in forest trees was based on the analysis of allelic
diversity in typically fewer than 20 selected candi-
date genes. These studies have revealed that, although
some candidate gene associations can be detected
(e.g., Thumma et al. 2005), it is very difficult to predict
an appropriate set of candidate genes for any trait of
interest. We simply do not understand the distribu-
tion of molecular genetic variation in tree genomes
well enough to predict the location of trait-altering
polymorphisms. Instead, a much larger (and unbi-
ased) set of genes and regulatory sequences have to
be interrogated for allelic diversity and trait associa-
tion. The most valuable associations may be present in
genes (or their promoters) that would not necessarily
be predicted to be candidates for a trait of interest. It
will, however, be far too expensive for average Euca-
lyptus research groups to survey such large numbers
of genes using current SNP discovery protocols based
on allele sequencing.

Several alternatives to sequencing have been pro-
posed to discover and type allelic polymorphism in
a large set of individuals. One very promising tech-
nique is Ecotilling (Comai et al. 2004), an adaptation
of the mutation detection technology used in Tar-
geting Induced Local Lesions in Genomes (TILLING,
Colbert et al. 2001). SNPs, small insertions and dele-
tions, and microsatellites can be efficiently detected
and typed in gene regions of up to 800 bp using this
technique. It is also a low-cost technology that may
provide an efficient way to survey natural variation in
Eucalyptus. However, array-based genotyping (e.g.,
Borevitz et al. 2003; Hazen et al. 2005) may be the
only approach that will allow sufficient throughput
for association genetic analysis of thousands of genes
at a time. Ultradense arrays of short (25 nt) oligonu-
cleotides tiling gene and promoter regions may be
useful to simultaneously discover and type SNPs and
otherpolymorphisms in treepopulations (Kirst 2004).
Such arrays may even be useful for molecular breed-
ing once marker-trait associations have been firmly
established.

4.6.5
Integrative Genomics

The ability to measure the transcript levels of thou-
sands of genes in mapping pedigrees has created the
opportunity to study the genetic regulation of global
gene expression patterns in Eucalyptus (Kirst et al.
2005). As discussed earlier in this chapter, transcript
abundance data can be integrated with genetic link-
age data to map expression QTLs (eQTLs) underly-
ing transcript-level variation of individual genes. An
eQTL represents a polymorphism in or near a gene
(i.e., cis-acting), or in a transcription factor of the
gene (i.e., trans-acting), that affects the expression
level of the gene. Trans-acting polymorphisms in key
regulatory genes are visualized by the colocalization
(clustering) of eQTLs identified for the individual tar-
get genes of the putative transcription factor. When
performed in F2 interspecific pedigrees, eQTL map-
ping becomes a powerful tool to study differentia-
tion in the regulation of gene expression among eu-
calypt species. Similarly, eQTL studies in intraspecific
crosses will expose polymorphisms that underlie gene
expression variation within species. Such polymor-
phisms may explain much of the phenotypic differ-
entiation (within and between species) that is of in-
terest to eucalypt breeders. Furthermore, eQTL-trait
associations can be confirmed by the colocation of
eQTLs and trait QTLs (Kirst et al. 2004), much like
QTL-candidate gene colocation is used to identify po-
sitional candidate genes. Markers flanking eQTLs may
therefore be valuable tools for marker-assisted breed-
ing, once the breeding value of the eQTLs has been
demonstrated.

eQTL studies in Eucalyptus are currently con-
strained by the high cost of microarray analysis and
theavailabilityof awhole-transcriptomearrays. Large
numbers of arrays have to be performed in order to
achieve adequate statistical confidence and power for
eQTL detection. At US $300 to US $1,000 per hy-
bridization (cDNA vs. oligoarray technologies) and
at least one hybridization per progeny member, the
cost of an eQTL mapping experiment will typically be
more than US $100,000. Furthermore, eQTL experi-
ments only provide data on gene expression variation
in a specific tissue at a specific developmental stage.
Whole-transcriptome (>30,000 gene) oligonucleotide
arrays will become available for eQTL mapping as
the E. camaldulensis genome-sequencing effort pro-
gresses (T. Hibino personal communincation). In the
meantime, several private consortia will be able to
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synthesize large (>20,000 gene) arrays based on large
EST collections.

Other forms of integrative genomics may also pro-
vide opportunities for genome research in Eucalyp-
tus. For example, the increasing array of technologies
for large-scale analysis of protein abundance may al-
low the integration of proteome and genome map-
ping data to identify polymorphisms that underlie
variation in protein abundance, i.e., protein expres-
sion QTLs or pQTLs (also called protein quantity loci
or PQLs, Amiour et al. 2003). Similarly, large-scale
analysis of metabolite levels (metabolomics) can be
integrated with genome mapping data to detect loci
(mQTLs) underlying variation in metabolite levels.
Variation in the proteome may be especially infor-
mative since transcript abundance is not sufficient to
predict the structure, function, amount, and activ-
ity of the proteins in the cell. The complexity of the
proteome is also much higher than that of the trans-
criptome. For instance, the human genome, which
consists of ca. 30,000 genes, is expected to encode be-
tween 200,000 and 2 million proteins, mostly due to
alternative splicing and posttranslational modifica-
tion. Very little is known about the situation in plants,
but it is assumed that plant proteome complexity will
be of a similar order of magnitude (Rose et al. 2004).

The dissection of the genetic basis of the variation
in individual protein amounts may prove to be a very
powerful approach to select “candidateproteins,” as il-
lustrated first by studies on the effect of water stress in
maize (Riccardi et al. 2004; Vincent et al. 2005). More
recently, the interest and predictive potential of the
PQL/candidate protein approach in forest trees was
demonstrated by Plomion et al. (2004). The authors
demonstrated the colocalization of the gene encod-
ing glutamine synthetase, the corresponding PQL and
a QTL for early height growth providing a strong in-
dication that the enzyme is involved in the control of
juvenile growth variation in maritime pine. The inte-
grationof transcriptome,proteome,metabolome,and
genome mapping data clearly holds great promise for
the identification of trait-linked markers for molecu-
lar breeding in Eucalyptus.

4.6.6
Comparative Genomics

The completion of the genome sequences of Ara-
bidopsis thaliana (The Arabidopsis Genome Initiative
2000) andOryza sativa (Yuet al. 2001;Goff et al. 2002),

the recent public release of the complete genome
sequence of Populus trichocarpa (http://genome.
jgi-psf.org/poptr1/poptr1.home.html), the ongo-
ing E. camaldulensis genome sequencing effort,
and a possible DOE-funded E. grandis genome-
sequencing effort will provide many excellent
opportunities for comparative genomics research.
Fundamental questions can be addressed regarding
the evolution of woody and herbaceous growth
forms. Comparative analysis of the Eucalyptus and
poplar genomes will allow researchers to determine
whether these two woody genera have evolved
different solutions for challenges such as being
large, long-lived organisms facing a multitude
of biotic and abiotic stresses throughout their
lifetimes.

Poplar was chosen to be sequenced as a model tree
genome because it fulfilled a number of criteria that
were required for amodel system: (1) a relatively small
genome size (500 Mbp), only 4 times larger than the
genome of Arabidopsis, but 50 times smaller than the
genome of pine; (2) diploid inheritance (n = 19); (3)
facile clonal propagation; (4) rapid growth; and (5) the
availability of an efficient transformation procedure
via Agrobacterium. Although most eucalypt species
have very similar characteristics such as relatively
small genome sizes (ranging from 370 to 700 Mbp),
diploid inheritance (n = 11), facile clonal propagation,
and fast growth, the lack of efficient genetic transfor-
mation methods has hampered Eucalyptus from be-
coming the preferred model tree. Moreover, the huge
commercial potential of eucalyptshas fostereda situa-
tion in which access to genomic resources is restricted
to a small number of private research consortia. These
limitations may be overcome with the eventual public
releaseof theEucalyptusgenomesequenceand thede-
velopment of public resources for genome research by
the Eucalyptus Genome Network (EUCAGEN). Never-
theless, Eucalyptus research will benefit tremendously
from model studies in Arabidopsis and poplar, which
will help to focus hypothesis-driven research in Eu-
calyptus and expedite the development of molecular
breeding tools for this important fiber crop.
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