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ABSTRACT

GRATTAPAGLIA, DARIQ. Genetic Mapping of Quantitafively Inherited Economically
Important Traits in Eucalyptus. {(Under the direction of Ronald R. Sederoff).

Genetic linkage maps of molecular markers offer a powerful tool to Investigate the
genetic architecture of quantitatively inherited fraits and potentially assist in breeding.
through the identification and manipulation of the individual genetic factors controlling
such traits. Little is known about the genetic architecture of quantitative traits in natural
populations of forest frees. In addifion, tree breeding could be accelerated by marker
assisted selection. The objective of the research was to detect and investigate the

nature of discrete Quantitative Trait Loci (QTLs)  controlling the variation in
quantitatively inherited traits of economic importance in Eucalyptus. In a cross between
undomesticated, highly heterozygous trees of E. grandis and E. urophyf!a, a " pseudo-
testcross’ mapping strategy and RAPD (Random Amplified Polymorphic DNA) markers
were used to construct two single-tree genetic linkage maps. This strategy is widely
applicable to outbred heterozygous species. QTL mapping within-family was performed
using two-generation pedigrees of full and half-sib families. This approach explores the
within-family linkage disequilibrium and requires that the parent tree be heterozygous
both at the QTL and linked marker. QTLs controlling traits related to the ability of
vegetatively propagate trees were mapped in a fulksib cross. Effects of gene
substitutions and multipoint estimates of the total phenotypic variation explained by the
QlTLs indicate that relatively large numbers of genes control the tfraits investigated.
however major effect QTILs for rooting and micropropagation response were identified.
A retrospective QTL mapping study was performed using an existing matemal open
polinated half-sib family of Eucalyptus grandis. Resufts indicate the existence of major
genes involved in the quantitative expression of traits such as volume growth and wood
quality. A case of digenic epistasis, significantly increased the phenotypic variance for
volume growth explained by a multi-QTL model. Genes with major effects are involved
in the control of a variety of quantitative traits in Eucalyptus.. Their linkage disequilibrium
to markers should allow following these effects in generations of breeding and selection.
Epistatic interactions amongst QTLs might prove to be significant components of the
architecture of quantitative traits and important for the genetic advancement of tree
breeding populations.
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PREFACE

The introduction of recombinant DNA technologies and the discovery of the
Polymerase Chain reaction (PCR), have dllowed a shiftf from genetic analysis based on
the inference of genotypes from phenotypes, pioneered by Mendel, to methods
based on the direct analysis of genetic variation at the level of DNA sequence. Genetic
linkage maps of molecular markers offer a powerful tool to investigate the underlying
genetic architecture of polygenic traits and potentially assist in breeding. by the
identification and manipulation of the genetic factors controlling such traits on an
individual basis.

The underlying difference between quantitative and qualitative characters is
based on the magnitude of the effect of an dllelic substitution at the genetic loci
controling the trait. If the ratio between the effect of a substitution and the total
phenotypic variation is small, it is generally said that the trait i quantitative.
Nevertheless, small alielic effects can also be observed even if there is a significant
environmental influence. If, on the other hand. the effect of an alielic substitution at a
single locus s large in relation to the total phenotypic variation, we say that the
character is qualitative. Quantitative differences are usually, atthough not necessarily
atways, controlled by allelic substitutions at many loci. However, it is o basic premise of
quantitative genetics that the inheritance of quantitative differences depends on genes
subject to the same laws of transmission and having the same general properties as the
genes whose transmission and properties are displayed by qualitative differences. The
use of molecular markers for the study of quantitative inheritance essentially rests on this
same premise inasmuch as it attempts to describe the continuous variation observed,
in terms of its individual qualitative components.

The theory and techniques of quantitative genetics have been powerful tools for
the study of polygenic inheritance. They have also been a fundamental tool for genetic
progress in plant breeding. Nevertheless, the manipulation of complex traits continues to
be a challenging task. Most of heritable traits of economic importance are the result of
the joint action of several genes with unequal effects and variably influenced by the
environment. The resulting phenotypes display a continuous variation instead of discrete
phenotypic classes. Productivity, plant sze and precocity are typical quantitatively
inherited traits. For the vast majority of complex traits, very little information is available
on their genetic architecture, ie. the number, relative chromosomal location,
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magnitude of effect and possible interactions of the genetic loci controling the
expression of the trait.

The main objective of the research presented herein was to shed some light on the
nature of the discrete genetic units - Quantitative Trait Locl (QTLs) - controlling the
observed varigtion in a number of quantitatively inherted traits of economic
importance in Eucalyptus.. The first two chapters are Introductory in nature and provide
a current view on the existing knowledge in the area of molecular markers in plant
genetics and breeding. Chapter 1 deals with the applications of molecular markers to
plant breeding. it includes a brief history of the subject and g discussion of each
application, focusing on the basic genetic principies involved, the experimental designs
used for implementation, and on how the molecular information generated can be
used by the breeder.

Several techniques of molecular biclogy are available today for the detection of
genetic variability at the DNA level. These techniques allow the generation of a virtually
unlimited number of molecular markers, which display Mendelion inheritance and cover
whole genomes. The objective of Chapter Il is to provide G general overview on the
existing methods available for the generation of molecular markers specifically used for
the genetic analysis in plant genetics and breeding. For each class of molecular marker
we describe the origin, the genetic basis and the principles involved in detection. A
comparative analysis of the advantages and limitations of each class of marker is then
presented for applications in plant breeding. Finally, we describe some novel and
extremely powerful techniques for the detection of DNA polymorphisms that open new
perspectives for the analysis of complex genomes and potentially the isolation of
economically important genes.

Chapters Il trough Vil represent original work dealing with genetic analysis of
Eucalyptus. Eucalyptus (Myrtaceae) is a large genus of evergreen hardwood trees and
shrubs that includes about 700 species. tt is amaost exclusively native to Australla, with ¢
few species indigenous to adjacent islands. The genus Eucalyptus includes the most
widely used tree species for plantation establishment in tropical ond subtropical regions
of the world. Today, eucalypts constitute the majority of the world's exotic hardwood
forest and one of the main sources of woody biomass. Fast growth rates and o wide
range in adaptability have contributed to the great interest that eucalypt species enjoy
in many countries outside their native range. Besides the fast growth that allows for
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shorter rotations, many species dispiay wood properties that make them  very suitable
for fuel and charcoal production or pulp and paper manufacture.

Chapter lll reports the nuclear DNA content estimates obtained by flow cytometry
for a group of Eucalyptus species that includes those most widely planted throughout
the world. In view of the importance of interspecific hybridization in the genus we also
surveyed some of the most common hybrids used in plantation forestry. In Chapter IV,
results are presented on a series of genetic analyses of individuals and populations
caried out on Eucalyptus species using RAPD (Random Amplified Polymorphic DNA)
genetic markers. These results describe the power, reliability, ease of use and muttiplictty
of applications of this new class of molecular markers for genetic studies in the genus
Eucalyptus as well as in any forest tree species.

Chapter V describes the use of a “two-way pseudo-testcross” mapping strategy in
combination with the RAPD assay to construct two moderate density genetic linkage
maps for individual frees of Eucalyptus.. These are the first reported high coverage
linkage maps for any species of Eucalyptus . The ability to quickly construct single-tree
genetic linkage maps in any forest species opens the way for g shift from the paradigm
of g species index map to the heterodox proposal of constructing several maps for
individual trees of a population, therefore mitigating the problem of linkage equilibrium
between marker and trait loci for the application of marker assisted strategies in tree
breeding.

Chapter VI and VI focus specifically on the investigation of the genetic
architecture of quantitative traits in Eucalyptus, using the linkage mapping information
developed previously. QTL mapping was performed using two-generation pedigrees of
full and half-sib families, exploring the within-family linkage disequilibrium. This approach
requires that the parent tree be heterozygous both at the quantitative trait locus and
inked marker locus, and results in individual-specific marker-trait associations .

in Chapter VI, the "pseudo-testcross” mapping strategy and RAPD markers are
used to map QTLs controlling traits related to the ability of vegetatively propagate trees
in Eucalyptus.. Results indicate that relatively large numbers of genes control the traits
investigated, however magjor effect QTLs for rooting and micropropagation response
were identified. Chapter Vil reports the results of a retrospective QTL mapping study,
using @ matemal open pollinated half-sib family of Eucalyptus grandis at harvest age.
This study also provides supporting evidence for the existence of QfLs of mgjor effect
involved in the quantitative expression of economically important traits related to forest

o
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productivity in Eucalyptus grandis. Genetic analysis of continuous variation with
molecular markers provides a powerful tool to study interactions amongst genes. Results
in Eucalyptus suggest that epistasis might play an important role in the shaping of
quantitative traits,

These findings shed some light on the architecture of quantitative traits in forest
trees and may help direct futUre QTL mapping experiments in highly heterogeneous
populations. Genes with major effects seem to be involved in the control of a
significant proportion of the variation in a number of quantitative traits in Eucalyptus..
QIL analysis can now be contemplated in any available two-generation pedigree,
opening the possibility of using existing families in  retrospective QTL analyses. This
approach should allow one to gather at once the quantitative data necessary to
evaluate the potential of marker-assisted tree breeding on a case-by-case basis.
However, several questions still need to be answered before marker assisted selection
can be implemented at the operational level. We expect that our findings will foster
research in g number of interesting and important issues related to QTL mapping such
os the interaction of QILs with environment and age. the stabiltty of expression across
generations and genetic backgrounds and the relative importance of epistasls in the
advancement of populations through directional selection. Finally, the uncovering of
major genes in essentially undomesticated populations, may have some important
implications for understanding the basis of evoldtionary change in adaptive traits in
natural populations of forest trees.




1. INTRODUCTION

Plant breeding has been successfully practiced since the early days of human
civilization. Genetic improvement can be achieved as long as: (1) there Is accessible
genetic varability, (2) the environment does not completely mask such variability and
(3) selection and recombination of superior genctypes can be performed to establish
the next generation. Traditionally, breeding progress has relied exclusively on the
analysis of phenotypes. The success of this approach largely depends on the heritability
of the ftrait involved. Polygenic inheritance, partial or complete dominance.,
environmental effects and the time necessary to complete a breeding cycle are some
of the factors that frequently limit the efficiency of this approach.

Many of the limitations of phenotypic analysis could be alleviated by the direct
identification of genotypes using a diagnostic system based on molecular markers that
segregate with the traits of interest. Similarly, the use of molecular information in the
analysis of genetic diversity and phylogenetic relationships of cuttivated and
undomesticated germplasm could faclitate the moniftoring and expansion of the
genetic base of breeding populations.

Plant breeding is camed out in @ continuous and dynamic fashion. The product of a
breeding program today, could become useful for a different objective tomormow.
Unpredictable changes in the ecological and economical environments, require
managing breeding populations for multiple objectives (Namkoong et al. 1988). New
traits are constantly being Incorporated in cultivars or populations In different stages of
the program. In this process, use has to be made of classical procedures of sexual
recombination and, when possible, other means such as somatic hybridization,
mutation breeding or genetic transformation. No single technique of genetic
maniputation can resolve all the challenges of a breeding program. Plant breeding In
the next decades will experience an increasing integration of bioctechnology with
classical technigues. In this context, molecular marker breeding technologies can
contribute significantly o a better understanding of the specfific crops and traits of
interest and for the development of improved products.

This chapter deals with the gpplications of molecular markers to plant breeding.
After a brief history of the subject. each application will be discussed. focusing inttially
on the basic genetic principles involved and the experimental designs typically used for
implementation. Then, we will discuss how molecular information can be used by the




breeder. Each case wil be Mustrated with examples from the Iterature without
attempting to provide an exhaustive review of the existing work in the area. The
advantages and limitations of each type of molecular marker are discussed in a
separate chapter. In the section dealing with the construction of genetic linkage maps
and localization of regions confrolling traits of interest, we present some emerging
strategies for the conduction of such studies in outcrossed and essentially
undomesticated forest and fruit tree species. The applications of molecular markers in
basic studies of population and evolutionary genetics and genome organization have
only been mentioned when justified in the context of plant breeding. An in depth
discussion of this topic would constitute a further chapter. t is also beyond the scope of
this chapter to discuss in detail the various statistical issues surrounding the analysis and
interpretation of molecular breeding data.

2. HISTORICAL BACKGROUND

The fwentieth century has experienced an indisputable revolution of the scientific
thought in biology. The first year of this century witnessed the simultaneous rediscovery
of Mendel's work by three independent people, De Vries, Tschermark and Comens
(Sturtevant 1965). The development of population and quantitative genetics by Fisher,
Wright and Haldane and their discussion of the evolutionary process, largely influenced
the practice of plant breeding (see Provine 1987). The implementation of quantitative
genetics methods by people such as Shull, Jones and Egst revolutionized the agriculiural
industry early in the century with the development of inbred lines and hybrid maize
(Hallauer and Miranda 1988). The integration of several disciplines, particulary
biochemistry, chemistry and microbioclogy culminated with the discovery of the DNA as
the basic genetic material with the transformation experments of Avery, Macleod and
MacCarty (1944) and by Hershey and Chase (1952). Subsequent work to decipher fts
structure and the muttifaceted aspects of the genetic code. reported in the landmark
papers by Watson and Crick (1953 a.b), resulted in the birth of molecular blology. In
recent years, the continuous development of methods to clone and sequence nucleic
acids, study gene expression, and analyze the enormous amounts of data generated,
has offered unprecedented possibilities for the study of genetics of living organisms.

The use of genetic markers in plant breeding dates back to the beginning of the
century when, in studies with peas, Bateson and Punnett (1905) indicated the possibility




of the existence of “reduplication™ , later called genetic linkage, between genes
controling flower petal color and shape of pollen grain. J.B.S. Haldane would later
prove the existence of genetic linkage in animals, but because of World War 1, his work
would only be published several years later (Haidane et al. 1915). In the meanwhile, the
group led by Thomas Hunt Morgan was making great progress in this new areqa of
genetics. Morgan was the first to cleary demonstrate an exception to one of Mendel's
rules, that is that not all the genes segregate independently. Morgan postulated that
such genes are linked in groups on the same string of material in which they reside, the
chromosomes (Morgan 1910). One of his students, A. H. Sturtevant, picneered the
development of the first genetic linkage map in Drosophila (Sturtevant 1913). In plants,
one of the first genetic maps to be developed was of maize, through the efforts of a
prominent group of geneticists that included Emerson, Beadle, Rhoades and
McClintock (Emerson et al. 1933). Tomato was the other plant species where early work
was done in linkage mapping (MacArthur 1934).

The milestone for the use of markers in the practice of plant breeding was set by K.
Sax (1923). He originally explored the association between a qualitative character, a
marker, and a quantitative character for indirect selection, as he reported the
association between seed coat color and seed skze in common bean (Phaseolus
vuigarns). Mather and Jinks (1982) summarized several cases where simply inherted
markers were associated with continuously inherted varigtion. For example Rasmusson
(1235) demonstrated linkage of flowering time in peas with a simply inherited gene for
flower color. Everson and Schaller (1955) found morphological markers closely linked to
a genomic segment affecting yield in bardey Extensive wotk In  Drosophila,
demonstrated the effects of individual chromosomes on quantitative traits (Mather and
Hamison 1949). Thoday (1961) reiterated the possibility of using genetic markers for the
selection of quantitative characters through the development of specific lines and
segregating populations. He also suggested the use of a cross between homozygous
lines differing in quantitative value os a general means to follow the effect of different
genotypes on the expression of the quantitative character. These and other studies
provided the framework of theory and observation on which the area of molecular
breeding is based in present days. Some of the major contributors as pointed out by
Stuber (1992) include Jayakar (1970). McMillan and Robertson (1974), Soller and Plotkin-
Hazan (1977). Tanksley et al. (1982), Beckmann and Soller (1983, 1986) . Lebowitz ef al.




(1987, Edwards et ol (1987) and Lander and Botstein (1989). Their specific contributions
will be discussed later in this chapter.

The underlying difference between quantitative and qualitative characters Is based
on the magnitude of the effect of an allelic substitution at the genetic loc! controlling
the tralt. If the ratio between the effect of a substitution and the total phenotypic
variation Is small, it is generally sald that the trait is quantitative. Nevertheless, small allelic
effects can also be observed even if there is a significant environmental influence. If, on
the other hand, the effect of an allelic substitution at a single locus is large in relation to
the total phenotypic varation, we say that the character is qualitative. Quantitative
differences are usually, although not necessarly always, controlled by allelic
substitutions af many loci. However, as pointed out by Falconer (1988) # is a basic
premise of quantitative genetics that the inheritance of quantitative differences
depends on genes subject to the same laws of transmission and having the same
general properties as the genes whose transmission and properties are displayed by
qualitative differences. The use of molecular markers for the study of quantitative
inheritance and the practice of breeding for quantitative differences essentially rests on
this same premise in that it attempts to describe the continuous varigtion observed in
terms of its individual qualitative components.

The efficiency of marker assisted breeding procedures boased on the joint
segregation of the marker and the gene, is a function of their genetic map distance.
Therefore the number of markers available for such studies becomes a critical variable.
The advent of biochemical and molecular techniques based on the analysis of enzyme
and DNA polymorphisms radically expanded the frontlers of this areq of study as it
mitigated the limitations of morphological phenotypes as markers both in terms of
numbers available and their genetic properties.

Systematic dissection of quantitative traits using molecular markers was intially
carried out using isozyme markers in tomato (Tanksley et al. 1982), and later in other
crops such as maize oats and soybean (Stuber 1992). Several applications of molecular
markers besides genetic analysis and improvement of economically important fraits
were immediately proposed including varietal identification, screening of genetic
diversity in germplasm resources and protection of breeders rghts (Beckmann and
Soller 1983, 1984; Tanksley 1983b). The rapid development of genetic linkage maps was
quickly achieved for major crops such as maze (Helentjars et al. 1986b) and tomaoto
(Bernatzky and Tanksley 1986). Cumently, linkage maps for many plant species are
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avaiiable atthough at different levels of resolution (Table 2). Theoretical developments
concerning expermental designs and biometrical tools have added more power for
the use of molecular markers for the study and manipulation of quantiative traits (e.g.
Soller et al. 1976; Edwards et af. 1987; Lander and Botstein 1989; Knapp &f al. 1990; Zeng
1993a.b).

Today. the detection and mapping of genomic regions associated with quantitative
traits has been achleved in a relatively large number of crops using different classes of
molecular markers. The effective use of this approach in operational breeding programs
is still justified on a case by case basis, and the potential of this technology in applied
breeding has not yet been fully realzed. The theoretical efficiencies of marker assisted
selection and the cost/benefit relationships of this technology have been debated in
the literature (Lande and Thompson 1990; Dudley 1993; Zehr ef al. 1992). However, new
and improved molecular marker technologies are constantly being developed that
have radically improved our ability to generate molecular marker information (see
chapter I). Some reviews are available on the subject of molecular markers in plant
breeding. emphasizing genetic mapping of economically important traits (Michelmore
and Hulbert 1987; Tanksley et al. 1989; Beckmann 1991; Stuber 1992; Dudley 1993).

3. APPLICATIONS OF MOLECULAR MARKERS TO PLANT BREEDING

In a review by Beckmann (1991) a fist was presented covering the main applications
of marker based methodologies in plant breeding. A modified and expanded version of
that list Table 1) outlines the discussion throughout this chapter.

Even before any association between one or more markers and any genetic locus
of breeding interest is established. the availability of a battery of molecular markers
allows one to undertake some important studies in a breeding program. The short term
applications of molecular markers involve basically the identification and discrimination
of genotypes. Down the analytical path, molecular markers allow one to quantify the
existing genetic variability at the DNA sequence level, and corelate it with the variation
in phenotypic expression in a procedure generally called genetic mapping. In the
synthetic path, the molecular information acquired in the analytical phase Is integrated
to the classical methodologies of selection and recombination of genotypes as an
additional tool to promote genetic progress. Finally, inkage maps of molecular markers
have been important tools in physical mapping projects and have faciltated map-




based cloning approaches that could result in the isolation of useful genes for

transgenic breeding.

Table 1. Main applications of molecular marker based methodologies in plant breeding.

1. CLASSICAL BREEDING

e Short term applications

identification of parental origin

identification and protection of patented varieties and clones
Assignment of inbred lines to heterotic groups

Verification of line and hybrid purity

Verificgtion of controlled crosses

Monitoring of outcrossing and seffing rates in forest trees seed orchards

¢ Medium and long term applicdtions

® Analylical path

Construction of genetic linkage maps

Genetic mapping of Quantitative Trait Loci (QTL) of economical importance
Study of the architecture of quantitative traits (number, position, magnitude
of effects and interactions of QTL's)

Exploration of homologous loci in other species or genera by syntenic or
comparative mapping

Gemplasm evaluation (diversity, classification, genetic distance and
phylogeny)

e Synthelic path

Introgression of desired traits among cuftivated and undomesticated
germplasm

Guided selection and recombination of superior genotypes

Selection during development of inbred lines

Prediction of expected phenotypes

Indirect selection for traits difficult 1o evaluate (disease and pest resistance,
environmental stresses, industrial performance traits)

Early selection of progeny in perennial species (within-family selection for
clonal propagation, early parent selection)

2. TRANSGENIC BREEDING

® Fine structure mapping directed toward map-based cloning efforts of

potential genes for transgenic manipulation




The molecular marker literature includes an extensive number of studies which are
analytical in nature, however very few cases have been reported where this
technology has been effectively used in the generation of Improved materials. The
effective integration of molecular marker based approaches into operational breeding
programs still represents a major challenge in this dynamically and rapidly evolving area
of applied research.

3.1 ldentification and verification of genotypes

Most individuals except clones, have a nuclectide sequence of DNA that make
them unigue and distinguishable from each other. The detection of such differences,
either through enzyme or DNA based polymorphisms revecals a particular molecular
pattem commonly called a "genetic fingerprint® that can be used for the unique
identification and discrimination of individua! genotypes. Tracking the-inheritance of
such marker patterns can also be used for the confirmation of the participation of a
particular individual in the generation of progenies, an application commonly termed
"paternity analysis, although it can also be used to verify the matemal seed parent.

In Citrus, a polyembryonic genus, isozymes have been used in breeding 1o
distinguish zygotic embryos from apomyctic embryos derived from the nuceliar tissue,
and among the zygotic, those that were derived from the intended cross fertilization
versus those arising through selfing (Soost ef al. 1980). A similar procedure has been used
to identify the genotype of rootstocks of trees that showed supericr field performance
in productivity and stress tolerance (Roose and Traugh 1988). isozyme markers have also
been usedto identify somatic hybrids in Citrus obtained through protoplast fusion
(Grosser and Gmitter 1990). These studies were limited to wide crosses where the
isoenzymatic polymorphism allowed genotype discrimination. DNA based markers offer
a powerful tool for this kind of analysis. particularly RAPD (Random Amplified
Polymorphic DNA) markers because they do not require prior probe development,
Markers that are present in the putative father and absent in the mother are Indicative
of the cross ferfiized origin of the embryo. This strategy has been used for the
confirmation of the interspecific and not parthenogenic originof dihaploid individuals In
crosses of the genus Solanum (Waugh ef al. 1992).

In forest genetics. Isozyme markers have been extensively used to identify genotypes
and infer pattems of hybridization and crossing among individuals (Adams 1983; Cheliak




et al. 1987). Qutcrossing versus selfing rates in seed orchards can be estimated. The
extent of recombingation of selected individuals can be monitored 1o avoid excessive
seffing or consanguineous matings that are generally detrimental in outcrossing species
with high levels of genetic l10ad. The analysis of multiocus genotypes at three to five
isozyme loci for progeny arrays of 20 to 30 individuals for 20 to 30 open pollinated
families is typically sufficient to estimate such rates under a mixed mating model.
Furthermore, the use of individual specific alleles or rare alleles at the populdtion level
dllows one 1o monitor: (1) the efficiency of supplemental mass pollination with superior
pollen sources in seed orchards; (2) the contamination rates with foreign pollen to the
orchard; (3) the fidelity of controlled crosses.

In breeding autogamous crops, markers can be used for the quantification of cross
fertilization. In the production of hybrid seeds, involving open pollination between seff-
incompatible or male sterile lines, markers allow the estimation of contamination and
seed quality control. All these applications are based on the ability to discriminate the
paternal contribution to the seeds. The statistical power of discrimination is a function of
the number of markers available and the dallelic variability at each one of these loci.
With the exception of cases involving rare alleles. complete genetic discrimination is
rarely achieved with isozymes, in view of their limited number and low level of
polymorphism. DNA based markers alleviate these iimitations, however o different
extents depending on their genetic properties. For example RAPD markers are limited in
their power for paternity studies as well as for other studies that require the direct
estimation of allelic and genotypic frequencies because they do not aflow the
discrimination of dominant homozygotes from heterozygotes.

By sampling several loci simuttaneously, VNTR (Variable Number of Tandem Repeats)
based markers (also called hypervariable loci), are particulardy useful for the
identification of genotypes. DNA fingemrinting using this class of markers has been used
to distinguish rice cultivars (Dallas 1988); apple, blackbemes and raspberries (Nybom et
al. 1990); and autogamous and allogamous varieties of these species (Nybom and }
Schaal 19900); to establish paternity in apple (Nybom and Schaal 1990b) and to identify
dihaploid lines in Beta vulgars (Schmidt et al. 1993). Though widely used for patemity
tests in humans, the use of VNIR based markers in plants has been limited by the lack of
adequate probes. Specific families of repeat elements in plants have been identified
(see chapter ).
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RAPD or AP-PCR have been used to Identify and differentiate rice cultivars (Welsh
and McCielland 1990), soybean (Caetano-Annoles ef al. 1991a; Williams et al. 1992);
barley (Weining and Langridge 1991); turf grass varieties (Caetano-Anolles et af. 1991b);
Brassica (Hu and Quiros 1991); Apium (Yang and Quiros 1993); cocoa clones (Wilde ef
al. 1992): clones of Eucalyptus (Grattapaglia et ol 1992) and apple cultivars (Koller ef al.
1992). In operational forest tree breeding, the identification of ciones at the DNA level
offers a very useful tool to resolve suspacted mislabelings during the establishment of
seed orchards and as a quality control system in operational clonal production
plantations. RAPD markers have been used to evaluate the genetic stability of somatic
embryos of Picea mariana (Isabel et al. 1993) and for the identification of somdatic
hybrids in potato (Baird ef ol 1993).

AP-PCR has been used for the identification of hybrid parental lines in maize (Welsh
et al. 1991). However, patemity determination in highly heterozygous species becomes
difficult with RAPD markers. Due to the low information content per locus, dozens of
markers with gene frequency for the presence of the band less or equal to 0.2 are
necessary (P. Lewis personal communication; see also chapter 1). Co dominant markers
such as RFLP's (Restriction Fragment Length Polymorphisms) and particularly those that
disptay high levels of multialielic polymorphism such as microsatellite based markers are
powerful for studies that involve paternity assignment. However, the costs associated
with the development of such markers are not justified exclusively for this application
which is considered of less potential impact than genetic mapping.

In view of the high levels of polymorphism RAPD technology is particularly useful for
identification of genotype-specific markers. RAPD fragments of this kind have been
determined for tomato (Klein-Lankhorst et ol 1991b) Brassica (Quiros et al. 1991) and
potato (@Singsit and Czias-Akins 1993). Species specific markers were obtained for
tropical species of Pinus, native to Central America. In a procedure analogous to Bulk
Segregant Analysis (Michelmore ef al. 1991) for the targeted analysis of genetic linkage.,
equal amounts of genomic DNA of several individuals covering the geographical range
of each Pinus specles, were bulked into “Population Bulks® composing average
genomes of the most representative DNA sequences in each species. With this strategy.
RAPD markers unique to each specles were identified ond could be used to

characterize the orgin of particular remnant populations In terms of specles
composition, particularly in zones of hybrid swarms (Grattapaglia et al. 1992b).
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The identification of a variety, ne or hybrid at the DNA level has become an
important tool to protect breeder's patent fights in countries where such laws exist and
are enforced. DNA fingerprinting has been used in legal cases involving disputes of
authorship (Smith 1989), and have been considered instrumental in supporting the
continued investment in plant breeding by large companies in the seed business such
as Pioneer HiBred with maze hybrid seeds (Smith and Chin 1992; Jondle 1992). In this
context, four general criteria have to be satisfied by a molecular marker for varietal
Identification.  distinctive Intervarietal varation, minimal  introvarietal  variation,
environmental stability and experimental reproducibility (Bailey 1983).

3.2 Survey of genetic diversity and distance in germpiasm banks

Molecular markers provide a powerful way to generate a large amount of
information on genetic diversty and phylogenetic relationships in the germplasm
available to the breeder. In general, these data are obtained in a matrix format where
a certain number of genotypes that can be vaorieties, lines or clones (rows), were
genotyped for several hundred molecular markers that can be isozymes, RAPD, RFLP's,
microsatellites etc. or combination of these. The large number of molecular markers
available, generally cliows an extensive sampling and coverage of the genome,
without environmental influences and with high reproducibility. Most frequently, each
marker is analyzed as a distinct and discrete phenotypic character, independent from
the rest. The principle underlying the interpretation of this kind of data is simple: markers
in common between genoctypes represent genetic similarities, while markers not in
common represent differences. Considering that different fragments could be allelic to
each other and that linked markers segregate jointly, the premise of independence of
characters is not entirely satisfied, and this become increasingly the case as more
markers are used in the analysis. The violation of such premise, however, does not
generally cause significant distortions in the results. Several statistical methods
(parsimony, muttivarigte analysis, cluster analysis, etc.), coefficients of genetic distance
or similarty (Nei's distance, Rogers, Jaccard etc.) and phenograms are used for the
analysis and presentation of this kind of data. Software packages that implement these
and several other related kinds of analysis are available on the market such as : PHYUP
(Phylogeny Inference Package) (J. Felsenstein, Dep. Genetics SK-50, U. Washington,
Seattle WA 98195); PAUP (Phylogenetic Analysis Using Parsimony) (Swofford 1990); NTSYS




12

(F. James Rohl, Department of Ecology and Evolution, State University of New York Stony
Brook, NY 11794) as well as some procedures of the SAS (Statistical Analysis Software)
package (SAS Institute 1985).

Depending on the kind of molecular marker used, the intempretation of homology of
fragments scored as being the same, may occasionally present some problems. For
example, RFLP's are detected through hybridization with DNA probes. The fragments
detected with such probes share a rather extensive but not always exact sequence
homology. When RAPD markers are used, however, the sequence homology between
the bands scored is limited to the terminal priming sites. The question in this case is
whether the two RAPD fragments that are amplified by the same primer and have same
length are homologous characters (originated form a common ancestor) or
homoplastic (evolved independently in the population). The premise on which is carried
out an analysis of genetic distance is that fragments of same electrophoretic mobility
are in fact homologous in the sequences intemal to the priming sites. This premise was
verified by experiments where RAPD fragments were used as DNA probes back to blots
of RAPD gels, where a positive hybridization signal indicated fragment relatedness of co
migrating fragments in different individuals (Wiliams et al. 1992; Grattapaglic and
Sederoff 1994). Furthermore, it is plousible that genetically close individuols have
inherited a fragment derived from a common ancestor and not that the same fragment
evolved independently (Tingey and DelTfufo 1993). Thormann and Osbom (1992) and
Thormann et ol. (1993) verified that the results of genetic distance analysis with RFLP and
RAPD markers were very similar among accessions within species of Brassica, but
different at the interspecific level. An important technical detail in this respect is to
ensure an efficient electrophoretic separation of the RAPD fragments to allow the
detection of even small differences in the length, avoiding an erroneous interpretation
of fragment similarity.

The molecular characterization of genetic diversity in the source of germplasm can
help the breeder select progenitors of base populations to establish breeding programs.
Such populations are established by crossing superior individuals or lines, frequently
aiming at maximizing genetic distance and thus recombining genes or co adapted
gene complexes in new combinations. Morpho-physiological fraits can be used to
establish such measures of genetic diversity (Rangel et al. 1990). However, molecular
markers can generate a large number of additional characters that combined with
phenotypic data provide a more complete picture for the grouping of genotypes and

—<_—
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planning of crosses. This approach is being used for the recombination of eite
Eucalyptus clones to structure a composite elite breeding population (D. Grattapagtia
and F. Bertolucci, personal communication). Detalled information on  several
phenotypic characteristics evaluated at the clone level is used In combingtion with
some hundreds of mapped RAPD markers to guide matings for the production of
progenies where new Indlviduals will be selected for clonal propagation programs.

Molecular information of diversity and distance can assist In the enrichment of the
genetic base as a breeding program proceeds. It can also be useful to evaluate the
redundancy and specific deficiencies in germplasm banks and generate data on the
efficiency of collection, maintenance and management strategies. (Phillips ef af. 1993
Newbury and Ford-tloyd 1993). Marker data can de utiized in the establishment of
‘core collections' to minimize the number of unnecessary accessions maintained in
germplasm banks and to faciitate the access of breeders to such banks. (Frankel 1984
Brown 1989a.b). In recent years, the availability of RAPD markers has allowed analyses
of genetic diversity and/or cuttivar classification in several species for which such studies
had previously been impossible due the lack of isozyme polymorphisms or RFLP probes.
Some of these species include papaya (Stiles et al. 1993), cocoa (Wilde et al. 1992),
garic (Wikkie et al. 1993), Microseris elegans (VanHeusden and Bachmann 1992), celery
(Yang and Quiros 1993), and peanut (Halward et al. 1992).

In maize breeding programs, hybrid performance can be predicted on the basis of
the genetic relationship of the parental lines, and inbred lines can be allocated to
heterotic groups. Earlier studies showed that genetic distance quantified by isozyme
data was not a good predictor of grain yield or heterotic response (Frei et al. 1986)., and
that pedigree relationship was a better indicator (Smith and Smith 1989).

The advent of RFLP markers allowed a much more extensive sampling of the
genome and a more detaled analysis of such an approach. Coefficients of
determination on the order of 0.8 between genetic distance between lines measured
with some tens of RFLP markers and heterotic response of the hybrids suggest that
molecular similarity measures can be good predictors of hybrid performance (Smith et
al. 1990; T. Osbom, personal communication). On the other hand, Dudley et al. (1991)
verified that RFLP data agreed with pedigree information, but that the coefficient of
genetic distance was not significantly comelated with hybrid productivities. In a later
study. Dudiey et al. (1992) used a measure of association of molecular markers with
grain yield. The mean of the homozygous genotypes measured in the parental lines
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were then highly comelated with the means of the hybrids. In this same line of study, it
has also been verified and it is common practice today, the classification of mae fines
in heterotic groups as well as the assignment 1o such groups of new lines with unknown
origin (Godshalk et al. 1990; Livini et al. 1992; Meichinger et al. 1992).

Finally, molecular characterization also generates basic knowledge on the evolution
of genomes, phylogenetic relationships and species diversification (Song et al. 1988;
Second 1985; Skroch et al. 1992; Grattapaglia et al. 1992b; Phillips et al. 1993; Jung et al.
1993). This type of information can have important practical applications in the
development of improved cultivars. For example, detailed phylogenetic data can assist
in the introgression of genes through the selection of materials whose cross has better
chances of resulting in fertile progenies. The degree of similarity between cultivars can
still be used to reconstitute pedigrees and get insights on the development of a cultivar
(Dweikat et al. 1993, Tinker ef ol 1993). Cther examples of applications of molecular
characterzation include : the maximization of heterotic response by increasing allelic
diversity at each locus in polyploid organisms (Bonierbale et al. 1993), the analysis of the
degree of recombination in populations (Tulsieram et ol. 1992b) and the analysis of the
extension of linkage drag around selected loci in backcross breeding (Young and
Tanksley 1989).

3.3 Consfruction of genefic linkage maps

The development of linkage maps is often regarded as one of the more powerful
applications of molecular markers in the genetic analysis of species and potentially in
the practice of breeding. In the context of plant breeding, genetic maps allow: (1)
extensive coverage of genomes for detailed genetic analysis; (2) the decomposttion of
complex genetic traits into its discrete Mendelian components; (3) the canalzation of
linkage information between markers and traits of interest into breeding strategies.

The availability of a large number of highly polymorphic and neutral genetic
markers whose inheritance and segregation can be easily followed through generations
has allowed the construction of genetic linkage maps for several plant species. In the
last four years, the technological advances in the detection and analysis of genetic
marker data has resulted in o unprecedented explosion of the field of genetic linkage
analysis. Existing genetic maps for some major crops were refined and saturated with
new markers. The greatest impact., however, consisted in the expansion of genetic
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mapping studies to species where this was considered very difficut or impossible due to
lack of appropriate populations and/or long generation times such as outcrossed forest
and fruit frees.

The construction of a genetic linkage map basically involves the application of
technigues of molecular biology to the original concepts of genetic inhertance. There
are two basic requirements for the development of a genetic map: (1) sexual
reproduction and generation of progenies; (2) large numbers of Mendelian markers.
The methodology of map construction integrates a large number of techniques that
may include the development of progenitor lines and segregating populations, the
analysis of genotypes at marker loct through several different techniques, and the use of
various statistical and computational tools for the estimation of recombination distance
and order of marker loci.

Traditionally, the first step in genetic mapping has been the selection of progenitors
for crosses with the objective of maximizing the probability of detecting genetic
polymorphism at the DNA level The ease with which polymorphic molecular markers
are detected varies widely from species 1o species. As a general rule, autogamous
species (selfing), essentially homozygous at all loci, are less polymorphic than
preferentially allogamous (outcrossing). highly heterczygous species (Gale et al. 1990).
For allogamous species such as makze and Brassica, the mgjority of RFLP probes are
informative with one restriction enzyme or another, and frequently several dlleles are
detected.

On the other hand, to obtain a battery of polymorphic probes is @ tedious process
with autogamous species e.g. tomato and soybean (Helentjars ef al. 1985; Keim et al.
1989). Also, the closer the genetic distance between the different genotypes, more
difficult it is to find genetic polymorphism. Therefore, lines without common ancestry, or
the use of interspecific crosses have been frequently used to optimize the genotypic
analysis (Bonierbale et al. 1988; Tanksley ef ol 1988). Recently, however, molecular
markers based on highly polymorphic simple sequence repeat sites (see chapter I,
have, in principle, eliminated the problem of lack of polymorphism in selfing species
(e.g. soybean, Morgante and Olivier 1993). Finally, in the context of quantitative tratt
mapping, selection of progenitors becomes only a function of the contrasting
phenotypes of the parents to evaluate the effects of alielic substitutions at loci that

control traits of interest.
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Once progenitors are selected, the generation of segregating progenies of several
dozens of individuals is necessary to obtain a sufficient sample of meiotic events and
estimate the frequency of recombination between segregating markers. The sample
sze required becomes several hundred for the analysis of Quantitative Trait Loci (QTL')
(see below). Traditionally, the pedigree used for the construction of genetic maps
involves a cross between two inbred lines originally obtained through successive
generations of selfing. The F| progeny are genotypically monomorphic. Either a selfing
or backcrossing generation is performed to produce an Fp or BCy generation, that
segregates for the molecular marker genotypes. A polymorphic marker between the
two inbred lines will have genotype (AA) in one line and (aa) in the other. The Fy will all
be heterozygous (Aq). In an Fo produced by seffing the Fy generation, the marker wil
segregate 1 (AA): 2 (Aa) 1(aq) for co dominant markers and 3 (AD : 1 (ag) for a
dominant one. In a backeross to the homozygous recessive line, tboth these markers wil
segregate 1 (AA): 1 (AQ). Atematively, one can use a population of Recombinant
inbred Lines (RIL) derived from an Fy through successive rounds of seffing (Burr et al.
1988; Reiter et al. 1992) or a population of doubled haploid lines produced by anther
cutture of Fy individuals (Ferreira 1993). Both kinds of populations are analogous to a
backeross in that a 1 (AA): 1(Aq) segregation ratio is expected.

As a segregating population is produced and a padicular genetic mode of
inhertance is expected, this mapping population is genotyped for a large number of
markers. These markers had originally been selected because they are polymorphic
(detect different alleles) between the parental inbreds. A matrix of data is generated
where typically the rows comespond to the markers and the columns to the progeny
individuals. A first statistical test (x2) is applied to each marker to test the null hypothesis
of the expected segregation ratio, 1:1, 1:211 or 3:1. Significant x2 can indicate
segregation distortions that can have a biological basis (e.g. lethals) or be merely the
result of a small sample of individuals genotyped. Markers that pass this single-locus test,
are then submitted to a second test of independence of segregation, or linkage.
Basically this test is performed on all possible pairwise combinations of markers. Rejection
of the null hypothesis - two markers segregating independently - is an indication of
genetic linkage between the two markers.

The next step involves the estimation of genetic map distance, which is not a
physical distance but reflects the frequency of genetic recombination events
(crossovers) per meiosis per generation. This parameter is expressed In % recombination
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or translated into centiMorgan units by using different mapping functions that take into
consideration double crossovers and genetic interference (e.g. Haldane, Kosambi. In
the simplest case, o bockcross, genetic distance s the proportion between the
observed number of recombinant genotypes and the total number of individuals
genotyped:; 10% recombination which roughly corresponds to 10 ¢M units corresponds
to saying that there is a 10% probability of genetic recombingation between the two
markers during meiosis. The comelation between physical distance on the chromosome
and the frequency of recombingtion between ony two markers glthough seems
intuitively high and linear, need not be so. There are regions of small physical distance
where there is a high probabilty of genetic recombination, the so called
‘recombination hot spots’. On the other hand. there are very long stretches of DNA
where genetic recombination is suppressed due to the presence of heterochromatin, or
around centromeres or in telomeric regions and therefore the genetic distance is small.

When all the markers are grouped in linkage groups and all two-point
recombination distances are estimated. a genetic map can be constructed by hand in
a classical procedure called two-point mapping where the relative position of the
markers is detemmined and gradually a gene order is obtained. This procedure becomes
tedious when hundreds of markers need to be ordered. Also each two-by-two distance
has an associated error, which is a function of its magnitude and the sample size. This
complicates the comect estimation of the relative position of the markers, and this
becomes increasingly more difficult with closer markers. To mitigate these problems,
maximum likelihood multipoint estimates of recombingtion frequency are typically used.
An estimate of 8 recombination distance), that maximizes the probability of getting the
observed data is obtained through iterative algorthms. Different locus ordering
aigeorithms are then used to determine the relative position of the markers. A growing
number of software packages have been developed and are available today to
perform these procedures automatically in @ more or less inferactive fashion and with
varable flexibility in terms of populations and mixtures of segregation ratios cllowed.
These include Linkage (Suiter et al. 1983), MapMaker (Lander et al. 1987). GMendel (Liu
and Knapp 1992) and JoinMap (Stam 1993).

In the last ten years, partial genetic maps of momhological markers that took
several decades to develop were rapidly saturated with molecular markers. Several
species for which no information on genetic linkage was previously available, had
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genetic maps constructed. Table 2 is a list of species for which genetic linkage maps

were constructed using different kinds of pedigrees and classes of molecular markers.

Table 2. Plant species for which moderate density genetic linkage maps have been

developed with different classes of molecular markers.

Common name Species Reference
Alfalfa Medicogo safiva Brummer et al. 1993;
Echt et al. 1993
Apple Maius domestica Lawson et al. 1992
Arabidopsis Arabidopsis thaliona Chang ef al. 1988 Nam et al. 1989;
Reiter et al. 1992
Barey Hordeum vulgore Shin et al. 1990; Kleinhofs ef al. 1993
Bean Phaseolus vulgaris Vallejos et ol 1992;
Nodari ef af. 1993
Cauliflower Brassico oferacea Slocum et al. 1990;
Landry ef al.1992
Citrus Citrus Durham ef al. 1992
Coka Brassica napus Landry ef ol. 1991;
Ferreira 1993
Eucalypt Eucalyptus grandis Grattapaglia and Sederoff 1992
Eucalyptus globulus Song and Cullis 1992
Eucalyptus nitens Moran et al. 1992
Eucalyptus urophyila Grattapaglia and Sederoff 1992
Faba bean Vicia faba Tomes et al. 1993
Lentil Lens culinaris Havey and Muehlbauer 1989:
Weeden et al. 1992
Lettuce Lactuca sativa Landry ef al, 1987
Maize Zea mays Helentjaris et al. 1986b;
Burr ef of. 1988
Muehlbauer ef al. 1991
Mustard Brassica rapa Song et ol 1991,
Chyl et al. 1992
Pea Pisurm sativum Elis et al. 1992;
Weeden et al. 1992
Peach Prunus persica Chapamo et al. 1994
Pepper Capsicum annuum Tanksley et al. 1988
Pine Pinus taeda Grattapaglia ef al. 1991:
Neale and Williams 1991;
Neale and Sederoff 1991
Pinus elliothi Nance et al. 1992
Pinus radiata Moran et al. 1992
Picea glauca Tulsieram et al. 1992a
Poplar Populus trichocarpa Bradshaw and Stettler 1993
Potato Solanum tuberosum Bonierbale et al. 1988;
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Table 2. Continued
Gebhart ef al. 1989;
Tanksley et al. 1992

Rice Oryza sativa McCouch et al. 1988
Sorghum Sorghum bicolor Binelli et al. 1992
Soybean Glycine rmax Kelm et al. 1990;
Sugar cane Saccharurn spontaneum AkJanabi et al. 1993;

DaSilva et al. 1993
Tomato Lycopersicon esculentun

Helentjars et aof. 1986b;
Bernatzky and Tanksley, 1986;
Gebhart ef al. 1991;
Tanksley et al. 1992

Vigna Vigna radiata Menancio-Hautea et al. 1993

The construction of genetic maps covering large portions of the genome, stimulates
the acquisition of important information about the genetics of the species with potential
applications into breeding. For germplasm surveys, mapping information can be used
for selecting a battery of genetic markers evenly distributed throughout the genome,
faciltating a better sampling of all genomic regions. This high genome coverage i
essential for studies involving the detection of genetic linkage between markers and
mono factorial as well as more complex quantitative traits of economical importance.
The existence of a complete framework map of molecular markers, allows mapping
morphological as well as ¢cloned genes of known function, generally isclated through
the use of mutants. However, the comelation between classical genetic maps and RFLP
maps for mode! organisms such as maze and tomato has still been a difficut task.
Specific mapping populations have to be created where both the morphological and
molecular markers segregate. An altemative approach has been used in maize, for
example, where some genetic loci that had been mapped on the classical map, were
also mapped on the RFLP map by using probes derived from cloned genes
corresponding to the morphological traits. Also comelations between the classical and
RFLP map could be establshed by using special genetic stocks containing
translocations (Helentjarls et al. 1986a: Wright et al. 1987). For the great mqjority of
cultivated species, however, this type of study is impossible to perform because no
classical genetic map of morphological markers and no well characterzed mutants are

available,
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Finally, a genetic linkage map of a species. may be used to generate a large
amount of information on the structure, organization and evolution of the genome
based on patterns of inversions and translocations, gene duplications and distribution
of gene families. Comparative or syntenic mapping using heterologous probes across
related species has offered great opportunities to study the genomic structure from the
perspective of gene homology and conservation of linkage and gene ordering
relationships along the chromosomes (Weeden ef al. 1992; Tanksley ef al. 1988;
Bonierbale et al. 1988; Slocum ef al. 1990; Whitkus et al. 1992; Prince et al. 1993, Kianian
and Quiros 1992). Extensive syntheny has been found for genes between distantly
related species e.g in the grasses. This synteny will prove to be of enormous value in the
identification and isolation of genes, just as the conservation of gene sequences Is
proving to be o major cid for identification of gene function. With this idea in mind,
comparative mapping has been proposed as a strategy to generate a generalzed
reference map of genes with known products and functions for ali plant species. A
large intemational project is under development with this objective, using the small
crucifer Arabidopsis thaliona as a mode! plant (Beckmann 1991). Arabidopsis has a
small nuclear genome, it has highly saturated linkage maps, extensive physical maps
and offers several advantages for genetic manipulation such as short generation
cycles, availability of mutants and efficient plant transformation methods.

3.3.1 Construction of genefic linkage maps in cross ferfilizing species

In the last three years, genetic mapping has experienced a significant expansion in
highly heterozygous, preferentially outcrossing and essentially undomesticated species
such as forest and fruit trees (Table 1). For such species, the pedigrees traditionally used
for genetic mopping. involving inbred lines and either selfing or matings between
relatives can not be easlly obtdined because of the typically high inbreeding
depression associated with existing genetic locad and the long time necessary to
complete a generation. On the other hand, the heterozygous nature of these plants
results in high levels of DNA sequence polymorphisms for the vast magjority of species
studies to date. Construction of genetic maps in trees was pioneered In loblolly pine
(Pinus taedq) (Neale and Williams 1991) and poplar (Populus trichocarpa) (Bradshaw
and Stettler 1993) using RFLP markers and three-generation pedigrees. In spite of the
early advances. the majority of tree geneticists and breeders soon realzed that RFLP




21

analysis was extremely laborious and that three-generation pedigrees were rare and
not typical in breeding programs. The introduction of RAPD markers opened o new
perspective in this area because, it not only facllitated molecular analysis, but also
allowed the readoption or novel conception of mapping strategies more relevant and
suitable to the genetic redlity of such species (Grattapaglia ef al. 1992¢,1993;
Grattapaglia and Sederoff 1992,1993).

A special feature of the genetic biology of conifers s the haploid
megagametophyte tissue in the seeds. whose presumed function Is to nourish the
germinating embryo. Megagametophytes are mitotic dervatives of a single haploid
megaspore and are derived from the same megaspore that gives rise to the maternal
gamete. Therefore they are genetically equivalent to matemal gametes. If o tree is
heterozygous at a given marker locus, half of the megagametophytes carry one dllele
and the other half the altemative allele. In the haploid mapping strategy one observes
a 1:1 segregation ratio, equivalent to a back or testcross. The cosegregation of
polymorphic allozymes in megagametophytes was originally proposed and used by
Conkle (1981) to generate partial genetic maps with about two dozen loci in several
conifer species. The limited number of genetic markers did not aliow the construction of
complete maps. RFLP marker analysis could not be used because they require 100 times
more DNA than what is available in the megagametophyte tissue. RAPD markers on the
other hand can be obtained in large numbers and because they are based on DNA
amplification by PCR, rather than DNA hybridization, they only require very small
amounts of DNA. The combination of RAPD markers and the haploid bioclogy of conifers
has allowed the direct analysis of segregation in gametes, and the rapid construction of
genetic linkage maps in severa! conifer species. Grattapaglia et al. (1991) generated
the first moderately saturated linkage map for a conifer comprising 191 RAPD markers
for an elite clone of loblolly pine in a record two-month period. The same approach
was immediately used by other groups and since then, several maps have been
constructed for several individuals of various conifer species (Tulsieram et al. 1992a:
Nance et al. 1992)

An analogous, but more generalzed approach can be used for the construction of
genetic maps in highly heterozygous, oucrossing species that do not have haploid
biology. such as hardwood and frult trees. For the vast majority of these species, it s
difficult or impossible to produce or have access to three-generation pedigrees. On the
other hand, crosses involving parents and progeny, i.e. two-generation pedigrees are
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commonly available. The Fy generation of such crosses is genetically heterogeneous
and segregates for marker genotypes and phenotypic traits. An Fy in the forest tree
breeding concept Is actually closer to an Fo or backcross generation in an annual self
fertlzing crop. Genetic markers segregate in different Mendelion ratios, depending
upon the genotypes of the parents and the mating configuration (Ritter et al. 1990). For
example If both parents are heterozygous for the same alleles, a 1:2:1 genotypic ratio
for co dominant markers and 3:1 for dominant ones Is expected. if the mating involves
three or four alieles, as is often the case, a 1:1:1:1 ratio is expected for co dominant
markers, however a more simple 1:1 rctio ls expected, if only one dominant allele is
detectable out of the four alleles in the mating configuration. Although less information
per locus is acquired with dominant markers a more simple and straightforward analysis
of a 1.1 ratio can be performed following essentially the same analysis used In the
haploid mapping or in @ backeross or testcross mating in annual crops. RAPD markers
are particularly advantageous in this case because they are highly polymorphic and
detect only one cllele (presence of the amplified band) at a locus, while all the other
alleles are detected as null. So essentially, the meiotic segregation of the two dlleles
(presence and absence) at a RAPD locus in one parent of the cross can be followed in
exactly the same fashion as in the analysis of haploid megagametophytes, as long os
the other parent tree has a RAPD null genotype at the same locus. Because the analysis
of RAPD markers is quick and simple, it is possible to prescreen large numbers of
oligonucleotide primers and select those that amplify markers segregating in the
informative 1:1 configuration. This screening is typically done by analyzing the two
parents and a sample of six or more Fy progeny individuals in search of RAPD bands
that are present in one of the parents, absent in the other and polymormhic, i.e. present
and absent in the progeny sample. After genotyping several dozens of individuols for
the preselected markers, two independent marker data sets are generated, one for
each progenitor. These will in tum result in two independent genetic linkage maps by
analyzing the co segregation of markers.

Markers for which only one cliele Is detectable have been called single dose
polymorphisms or single dose restriction fragments when derived from RFLP analysis
(Gebhardt et ol. 1989; Ritter et al. 1990; Da Siva et al. 1993; Carson ef al. 1991, Sobral
and Honeycutt, 1993). They have been efficiently used to map polypioid species such
as sugar cane (Wu et al. 1992; Sobral and Honeycutt 1993; AkJanabi et al 1993). The
name "pseudo-testcross’ was suggested for this strategy because the 1:1 testcross
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mating configuration of the markers is not known @ prion as in a conventional testcross
where the tester is homozygous recessive for the locus of interest. Rather, the
configuration is infered o posterion after analyzing the parental origin and genetic
segregation of the marker in the progeny of a cross between highly heterozygous
parents with no prior genetic information. When this inference is done for both parents
Involved in the cross, the term “two-waQy pseudo-testcross” Is more approprately used
(Grattapaglia and Sederoff 1994). This conceptually simple strategy combined with the
polymorphism detection power or the RAPD assay, allowed the construction of the first
linkage maps in  Eucalyptus grandis and E. urophylla (Grattapaglia and Sederoff 1992,
1994) and has been widely used in other species such as £, globulus (Song and Cullis,
1992), apple {(Lawson et al. 1992), grape (M. Lothi, personal communication), sugar
cane (Sobral and Honeycutt, 1993; AlJanabi ef al. 1993) and conifer species (M.
Carson personal communication and L. Pearson, personal communication).

The major advantage of the pseudo-testcross mapping strategy combined with
RAPD markers is that it is a generdl strategy for the construction of genetic linkage maps
in outbred forest trees as well as in any highly heteroczygous living organisms. it can be
immediately applied to these species without any prior genetic information. The only
requirements are sexual reproduction between two individuals that results in the
generation of a progeny set large enough to callow the reliable estimation of
recombination frequencies between segregating markers, its efficiency will be directly
proporional to the level of genetic heterozygosity of the species under study, whichis a
function of the mating system, and the genetic divergence between the individuals
crossed. In interspecific crosses, practically every arblirary RAPD primer detects at leost
one informative pseudo-testcross marker, and frequently several. At the intraspecific
level, the frequency is comparatively less, however, stil high enough to make this
strategy extremely efficient (Carlson et al. 1991 Grattapaglia. unpublished data; L
Pearson, personal communication). Finally, the possibility of constructing linkage maps
using only two-generation pedigrees is of great relevance to tree breeding because it
allows the use of existing populations. The ability to construct linkage maps for individual
trees also mitigates the highly debated problem of linkage equilibrium between markers
and trait alleles of interest for marker assisted breeding strategies (see below).

3.4 Genetic mapping of simply inherited frails
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Associations between molecular markers and fraits that display simple Mendelian
Inheritance have been established in several crop species. Isozymes, RFLP's and more
recently RAPD's have been used to map genomic regions significantly associated with
traits such as disease and pest resistance. From the theoretical standpoint, genetic
mapping of such traits Is quite simple, as more or less discrete phenotypic classes for the
traits can be observed. The traditional mapping scheme involves crossing a susceptible
line with a resistant one, The F can be efther susceptible, resistant or intermediate,
depending on the pattem of interallelic interaction (recessive, dominant or Incomplete
dominance etc.). The Fy is either selfed or backcrossed 1o one of the parents to obtain
a population segregating for resistance and susceptibility. This population is subject to
an inocutum pressure under controlled conditions and the phenotypes evaluated.
When the phenotypes segregate according to a particular genetic model and the
associated Mendelian expectations, the resistance trait is freated as another marker.
Frequently, however, complications in this analysis arise due to incomplete penetrance
(imperfect comespondence between genotype and phenotype), distorted segregation
ratios due to the participation of more than one locus and epistatic interactions of loci.
When only a few genes of large effects are involved, discrete phenotypic ciasses can
stil be determined. Typically subjective systems of diseqse sevetity scores are used and
associations between markers and resistance can be found. The mapping procedure
generally involves a first search for significance using one marker at every 25 or more
centiMorgans. i.e. three to five markers per linkage group. As soonh as a significant
association is found. a larger number of markers in that region is surveyed, trying to
establish a more precise location for the locus of inferest,

A classical example of this approach was described in tomato (Lycopersicon
esculenturn) when a significant association was established between an isozyme marker
locus (Alkaline Phosphatase 1) and a locus that controls resistance to the nematode
Meloldogyne incognita. These two loct were found to be linked at a 1 cM distance
(Medina-Filho 1980). Several tomato breeding programs have used this information to
indirectly select nematode resistant plants based on the presence of a particular

isozyme dllele (Tanksley 1983a.b). Another example of strong association Is between a
locus that confers resistance to BYMV (Bean Yellow Mosaic Virus) and an allele at a
plastid isozyme, PGM (Phospho-glucomutase) in pea (Pisum sativum) (Weeden et al.
1984). These two loci are at 2 cM apart. In both examples, the Indirect selection on the
isozyme allele avoids or reduces the manipulation of the pathogen and faclitates the
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selection of resistant individuals. Genetic linkage between isozymes and simply inherited
traits have also been detected in apple (Malus) for resistance to aphids, downy mildew
and several self incompatibility alleles (Chavreau and Laurens 1987; Manganaris and
Alston 1987). In barley an association has been detected between an lsozyme locus
and a magjor gene controlling differentiation of shoots In callus cultures (Komatsuda et
of. 1993).

The use of RFLP and RAPD techniques has significantly increased the number of
associations detected between markers and tralts of economical Interest, both with
simple and complex inheritance (for a review see Melchinger 1990). The large number
of markers dllows a more complete sampling of the genome for significant linkages.
RFLP's have been used to locate magjor genes involved in disease resistance in tomato
(Young et al. 1988; Klein-Lankhorst et al. 1991q; Sarfafti ef al. 1989), species of Brassica
(Landry et of. 1992; Ferreira 1993), rice (Yu et al. 1991), soybean (Muehlbauer ef al. 1991;
Diers ef al. 1992) and maize (Bentolila et al. 1991). Mutant lines have been used for the
detection of an RFLP closely linked to the phl gene that controls chromosome pairing in
wheat (Gill and Gill 1991), A GA3 insensitive dwarfing gene and growing habit were
mapped with RFLP markers in rye (Secale cereale) (Plaschke ef al. 1993). Since their
infroduction., RAPD markers have been extensively used for the purpose of mapping
resistance genes in tomato (Klein-Lankhorst et al. 1991a.b; Martin ef ol 1991). bean
(Miklas et al. 1993; Haley et al. 1993) lettuce (Michelmore ef al. 1991; Paran et af. 1991),
Beta vulgaris (Uphoff and Wricke 1992) Pinus lambertiana (Devey et al. 1993), and Pinus
taeda (P. Wilcox and H. Amerson, personal communication). Recently, RAPD markers
linked to the two genes that control somatic embryogenesis in affalfa have been
identified (Yu and Pauls 1993).

Most of the studies where disease resistance locl were maopped, relied on a strategy
involving Near Isogenic Lines (NIL) derived from sequential backcross breeding. Gene
mapping using NIL is based on the principle by which a gene of Interest is infroduced in
a cultivated line from a donor line. After several generations of backcrossing. the
genome of the selected progenies becomes more and more similar to that of the
recurent parent with the exception of the DNA segments that contain the introgressed
gene of interest. These segments, if genetically polymorphic at the DNA level In relation
to the recurrent genome, can be used as a target to determine if a particular marker is
located near the gene of interest. Near Isogenic Lines have been used to identify two
RFLP probes very closely linked (0.4 cM) from the Tm-2a gene in fomato that confers




26

resistance to the Tomato Mosaic Virus (TMV) (Young et al. 1988). Similarly, a set of NiL
derived from the cross of lines susceptible and resistant to Pyricularia orizae was used to
identify two RFLP markers associated with the resistance genes (Yu et al. 1991). One of
the markers, RFLP clone RF44, is 2.8 cM from a resistance locus and can potentially be
used to select for resistant genotypes. That same marker is also strongly associated with
a photoperiod sensitivity gene (MacKill et al. 1993). NIL were also used t0 map genes
conferring resistance to Fusarium oxysporum and Cladosporium fubvum in tomato
(Sarfatti et al. 1989); Van der Beek et al. 1992) and Phythophthora megasperma in
soybean (Diers et af. 1992).

There are however two major fimitations in using such an approach to identify
linkages of breeding interest, The first one has o do with the creation of NIL. In the vast
majority of plants this is impossible, especially in allogamous plants with long generations
such as trees. When possible, it is stil a time consuming process because many
generations of backcrossing are necessary. The second limitation is that frequently
many DNA segments of the donor genome are inadvertently introduced In the
recurrent line (Young and Tanksley 1989). This results in the identification of polymomhic
markers between the NIU's that in fact are not linked to any gene of interest. An
altemative procedure which is also restricted 10 some species. involves the use of
dihaploid fines derived from microspore culture of a single Fy individual. Such an
approach was used to identify DNA markers linked 1o loci for resistance to Lepfoshaeria
maculans and Albugo candida in colza (Brassica napus) (Femreira 1993).

A powerful alternative technique to target genomic regions associated to simply
inherted traits involves the analysis of pools of genomes that are fixed at the locus of
interest. This strategy was originally proposed by Amheim et al (1985) for the
identification of RFLP's in linkage disequilibrium with loci controlling diseases in humans as
a result of natural selection. Markers linked to the locus of interest were identified based
on their linkage disequilibrium with the disease trait in relation to the rest of the
population. This idea was later adopted by Michelmore et of. (1991) that proposed lts
use for the rapid identification of markers in specific genomic regions using segregating
populations, a technique called Bulkk Segregant Analysis (BSA). Athough any type of
molecular marker can theoretically be used for this approach, RAPD markers are
particulary efficient because large numbers of them can be Qquickly screened.

BSA consists in detecting differences between two bulked DNA samples derived
from a segregating population from a single cross. These bulked samples are
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constructed by pooling the DNA of Iindividuals selected for having an identical
genotype at the porficu!ar target genomic region and variable genotypes at regions
unlinked to the target. At the DNA level, theoretically, the two samples will differ
exclusively for the target region and will be monomorphic for all the other regions. The
bulks are composed of DNA of the 10 to 20 Individuals displaying extreme phenotypes
at each end of the distibution of the trait of interest, for example a resistant bulk of the
10 to 20 more resistant phenotypes versus a susceptible one made up of a similar
number of highly susceptible individuals. The DNA of the parental lines and the two
bulks are analyzed with a large number of markers in search of markers that are
polymorphic between the bulks, i.e. present in one but not in the other, and comectly
originate from the resistant parental line. This preliminary evidence of genetic linkage ks
subsequently confirmed by a conventional co segregation analysis using o larger
number of individuals from the population. Genetic linkage s then confimed or
rejected (false positive in the bulk screening frequently arise) and an estimate of genetic
distance is obtained between the marker and target locus. Basically BSA is a short cut
that uses a preliminary genomic selection to drastically reduce the time necessary 1o
identify genetic linkage to major genes, quickly focusing the efforts and subsequent
analysis on genomic regions associated with the trait. The genstic markers identified
with this strategy are found 1o be within a 25 cM window around the target locus.

BSA has been originally used to locate genes associated with resistance to downy
mildew (Bremia lactucae). an impordant pathogen in lettuce (Lactuca sativd)
(Michelmore et al. 1991; Paran et al. 1991; Paran and Michelmore 1993). Recently it has
been successfully used to map genetic loci conferring resistance to  Pseudomonas
syringae in tomato (Martin et al. 1991), Puccinia graminis In oat (Avena safiva) (Penner
et al. 1993), Uromyces phaseoli in bean (Miklas ef ol 1993; Haley et al 1993).
Leptosphaeria maculans in cokza (Ferreira 1993), Rhynchosporiurmn secalis in rye (Barua et
al. 1993) and Cronartium ribicolain Pinus lambertfiana (Devey et al. 1993).

As a tool to target specific genomic regions, BSA Is very useful to identify markers in
poorly covered regions of linkage maps (Michlemore et al. 1991). As a genetic map
approaches saturation, the continued mapping of new markers becomes increasingly
inefficient. To alleviate this problem, bulked somples can be constructed based on the
polymorphism of the closest marker available to the target region {(e.g.
presence/absence of a RAPD marker or alfemative alleles at an RFLP locus). New
polymorphic markers between the bulks are identified and the cycle repeated again

o
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based on the newly found marker, An iterative genetic walking procedure Is therefore
performed until sufficient coverage and marker density is achieved. This procedure has
been temed “local mapping' (Reiter et al. 1992) and was originally used to map o large
number of markers specifically to one of the five Arabidopsis chromosomes. Finally, a
pocling technique was also used to identify loci for other simply inherited traits.
Giovannoni et al. (1991) used the pooling strategy based on known RFLP genotypes to
identify markers linked to loci controlling fruit ripening (non-ipening) and pedicel
abscission in tomato (jointless).

3.5 Genetic mapping of compiex traits (Quantitative Trait Loci, QTL's)

Most of hertable traits of economic importance are the result of the joint action of
several genes with unequal effects and variably influenced by the environment. These
traits are called polygenic. quantitative or of complex inhertance. The resulting
phenotypes display a continuous variation instead of discrete phenotypic ciasses.
Productivity, plant sze and precocity are typical quantitatively inherited traits. For the
vast majority of complex traits, very Ile information is avallable on their genetic
architecture. This latter term typically refers to the number, relative chromosomal
focation, magnitude of effect and possible interactions of the genetic loci controlling
the expression of the trait.

The theory and techniques of quantitative genetics have been powerful tools for the
study of polygenic inheritance. They have also been a fundamental tool for genetic
progress in plant breeding. Nevertheless, the manipulation of complex traits continues to
be a challenging task. Genetic linkage maps of molecular markers offers a powerful tool
to investigate the genetic architecture of polygenic traits and potentially assist in the
manipulation of the genetic factors controlling such tfraits on an individual basis, In
procedures involving the selection and recombination of desired genotypes.

The determination of genetic linkage between markers and QTL's depends on the
existence of linkage disequilibrium between the alleles at the marker locus and the QL
alleles. This disequiliorium generates quantitative effects associated with the marker that
can be detected and estimated through appropriate statistical opproaches. Linkage
disequilibrium between two loci occurs when the two-locus genotypic frequencies
significantly differ from the product of gene frequencies, denoting the existence of a
non-random association between the two loci. Physical linkage between loci is only one
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of the various causes of linkage disequilibium. In mapping experiments, however, @
significant association between marker and gene is usually interpreted as evidence of
genetic linkage.

The classical QTL mapping strategy s based on pedigrees traditionally used for the
construction of linkage maps. Two inbred lines, genetically divergent and preferentially
extreme in the quantitative trait of interest are identified. These lines, homozygous for
aiternative alleles at the QTL's and polymorphic for 6 number of molecular markers, are
crossed and a segregating population is generated from the F). Segregating
populations can be of different kinds: Fp intercross, backcross, recombinant inbred lines
(RIL) or dihaploid lines. This type of pedigree where phenotypically extreme inbred lines
are initially crossed is considered ideal because it maximizes linkage disequilibrium
between markers and QTL's. A power to detect a QTL is a function of the magnitude of
its effect on the quantitative trait, the heritability of the trait, the size of the segregating
population and the genetic map distance (recombination frequency) between marker
and QTL. Evidently the larger the effect, the hertabilty and the sample size, and the
closer is the marker, the more powerful will be the efficiency of detection. QTL mapping
experments will therefore typically involve the evaluation of a few hundred individuals
for the quantitative fraits of interest and their genotyping for several dozens of molecular
markers selected for being evenly spaced (10 to 30 cM) throughout the genome. A
search is then carried out for significant associations between segregating markers and
trait values

Various statistical methods can be applied to QTL analysis. A t test of difference
between means is the most simple one, and it is generally considered to be robust
especially for trait distibutions departing from normmality, or in cases where the
genotypic classes involve a mixture of distibutions due to recombination between
marker and QTL (R. Doerge, personal communication). In a popuiation where markers
segregate 1:1, all the individuals can be classified In either one of two classes
depending on their marker genotype. For each marker, o mean and @ varlance can
be calculated for each genotyplc class. A hypothesls test Is constructed where the null
hypothesis of no difference between the mean trait value of the two classes Is tested
using a t test. Atematively, simple one-way ANOVA or linear regressions can be applied
where the phenotypic trait is the dependent variable and each marker is fitted one at
the time as the independent variable. A significant F test is an indication of genetic

linkage. A regression approach was appiied using isozyme data against severadl
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quantitative traits in make (Edwards et al. 1987, 1992; Stuber ef al. 1987) tomato
(Tanksley et al. 1982) as well as with RFLP data for these same crops (Nienhuis et al. 1987.
Osbom et al. 1987; Tanksley and Hewitt 1988; Edwards et al. 1992). The use of a linear
single marker analyses presents at least two limitations. The first one Is the control of the
experimentwise type | error rate, l.e. false positives (declaring a significant association
where there is none). This can be controlled by using a higher significance threshold,
compromising In statistical power (increase in type Il emor). The second problem is that
linear models do not provide information as to the magnitude of effect of the QTL and
its genetic distance to the marker. In other words o QIL of small effect but close to a
marker and a QTL of large effect but futher away from a marker cannot be
discriminated.

As the result of recombination between marker and QTL, each of the genotypic
marker classes will consist of a mixture of genotypes at the QTL. This mixture will produce
a skewed distribution within each of the classes, the degree of skewness depending on
the proportion of recombingtion between maorker and QTL. The presence of
recombinants in each marker class generates a difference in the within class variance.
This means that in marker-QTL analyses, the shape of the withinrmarker genotype
distribution camies important information in addition to the trait mean. These marker
associated differences in shape of the distribution are inaccessible to linear ANOVA, but
can be better exploited by maximum-likelihood methods. Such methods with a single
marker approach were first applied to QTL mapping by Weller (1986, 1987) to try to
separate main effects at the QTL and frequency of recombination between marker and
QTL.

To further improve the power and precision of QTL analysis, current practice makes
use of pairs of markers in procedures known as "marker brackets” (Soller and Beckmann
1983) or "interval mapping” when combined with maximum likelihood methods (Lander
and Botstein 1989). Marker brackets, can disentangle the confounding of main effect

and recombination found in quantitative effects associated with a single marker. The
reason for this is that the difference between parental types for the marker bracket
provides an estimate of the main effect of the QTL. virtually independent of
recombination. Separating parental types and recombinant makes the parental types
essentially monomorphic with respect to the QTL so that application of maximum
likelihood methods based on distibution shape has little to offer to their analysis. The
recombinant types, however, will be a mixture of QTL genotypes and therefore, besides
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information on QIL location they will also contain information on the magnitude of
effect of the QTL.

To express the significance level with which a QTL is detected, current methods use
either a traditional p value or a LOD score. A LOD (logarithm of the likelihood of odds)
score indicates in a log scale how much larger is the probability of the observed data to
have arisen assuming the atternative hypothesis of the presence of g QTL than the null
hypothesis of no QTL. A LOD= 3.0 indicates that this probability is roughly 1000 times
larger. in general a significant threshold between 2 and 3 is used, depending on the
number of markers used and the total map distance, so that the probability of falsely
declaring a QTL (type | erron Is kept below 0.05 in each interval individually. For example
in tomato, with a genome comprising 12 linkage groups in 1100 cM and markers spaced
at every 20 cM (about 55 markers) a LOD= 2.4 will provide an clpha level of 0.001 for
each individual test (Lander and Botstein 1989).

The software package MapMaker-QTL (Lander et al. 1987) implements this type of
QTL analysis. The output is given In numerical form by LOD scores at each map interval
or user specified portion of interval. Altemadtively these data can be presented
graphically as LOD score profile scans for each linkage group where peaks indicote the
presence and location of a QTL. Functions for the analysis of Fo intercross, backcross
and RIL are available. In the Fp intercross model, options are available to fit different
models of gene action at each QTL so that odditive and domingnce effects can be
estimated. In the bockeross situation, however, only the additive effect of an dllelic
substitution can be estimated. QTL's controlling several traits related to productivity have
been identified in tomato (Paterson et al. 1988, Paterson ef al. 1991), maize (Beavis ef al.
1991) and wheat (Anderson et al. 1993).

Besides interval mapping implemented by MapMaker-&TL, other methods exists for
the analysis of QTL's. The package QTLStat (Liv and Knapp 1992) uses a combination of
non-inear regression and maximum likelihood interval mapping. Another commonly
used procedure involves the detection of QIL's by interval mapping methods and
subsequent use of SAS (Statistical Analysis Software) procedures to fit linear models with
varnable numbers of QTl's previously detected. This theoretically aliows the
determination of models that better explain the dependent phenotypic variable and
allows for the study of epistatic interactions. This approach ks frequently crticzed
because it assumes one QIL controlling the trait to find QTL's in the first step of the
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analysis, and then tries to simultaneously fit the several QTL's found in the second step
(B. Liu, personal communication).

The literature on different QTL mapping approaches is extensive and a more
detailed discussion Is beyond the scope of this chapter.  Existing approaches suffer of a
resolution problem when two or more QTL's are linked on the same chromosome.
Difficutties arise in the cormrect estimation of QTL position and magnitude of effect. In this
case, MapMaker-QTL dllows one to fix one QITL at ¢ particulor position (thereby
removing from the analysis the variation contributed by that QTL) and then scanning
the linkage group again for the second peak. If the second peak appears again (with
the same LOD score difference). it is considered a strong indication of a second linked
QTL. Another statistical method was recently developed to separate multiple linked
QTL's Zeng 1993a,b). This method allows to analyze each map interval separately,
conditional on different hypothesis and models constructed conceming the presence
of QIL's at adjacent intervals.

The main difficulty in QTL mapping is the intrinsic fact that various genetic and
environmental factors affect the final phenotypic expression. The commonly used
expermental designs invcolve the measurements and genotyping of several hundred
individuals to reach the desired resolution. For example Soller et al. (1976) estimated that
an Fy population of approximately 2000 individuals would be necessary to detect QIL's
with effect equal to 2-3% of the trait mean. In view of the limitation in the ability to
genotype iarge numbers of individuals, progenies of some hundreds are typically used.
Edwards ef al (1987) in maize, used 187 Fp individuals, and the Iindividual effects
detected with alpha 0.01 varied between 6 and 27.4% of the total variation in plant
height trait components. Paterson et al. (1988) used a backcross family of 237 individuals
to expiain around 50% of the total phenctypic variation In each one of three
quantitative traits (fruit weight, soluble solids and pH). Between five and six QTL's were
detected for each trait, and some mapped to overapping positions.

In spite of the modest number of QTL mapping studies performed to date, In @
limited number of species. some general features have emerged. Significant
associations between markers and quantitative traits have been detected even with
relatively small progeny sizes. Invariably, the architecture of the analyzed traits involves
a few (3 to 7) major QTL's with large effects, that individually can account for 10 to 30%
of the phenotypic variation, and a variable number of minor ones whose individual
effect is between the detectable threshold (a few peicent) and 10%. The cumuiative
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proportion of the variation explained by the mapped QTL's has varied between 30 and
70%. depending on several factors such as the specific cross analyzed (Beavis et al
1991). the trait under consideration (Edwards et al. 1992), and the expermental design.
i.e. the sample size and the map resolution in terms of number of markers (Edwards et al.
1987). In QTL analysis using segregating Fo intercrosses, a remarkably higher proportion
of the variation is accounted by dominant gene action at the QTL's when compared to
standard biometrical procedures. Epistatic effects (QTL interactions). however, are
typically non significant. it is also a common occurence to identify QTL regions that
simultaneously affect the expression of different traits (Paterson et al. 1988; Edwards et
al. 1992). This could be due to (1) the different traits measured are in fact different
expressions of the same trait: (2) req! pleiotropic effects (the same QTL affecting more
than one trait); (3) the presence of independently acting QTL's but closely linked on the
same chromosome so that the individual resolution is impossible with the cument marker
density and statistical methods. Finally an interesting feature has been reported in
maize, where the magjority of the QTL's identified for plant height growth mapped on top
or at close distance to known qualitative loci affecting growth. These resufts support the
hypothesis of Robertson (1985) that qualitative loci are the same that affect quantitative
traits, and also provide a strong biological validation of the statistically detected effects
(Beavis et al. 1991).

Experimental mapping strategies have been suggested that allow @ substantial
reduction in the number of progeny that need to be genotyped for the markers, while
keeping a similar statistical power of QTL detection. We will discuss two of these
strategies that should substantially increase the efficency of QTL mapping experiments
whenever growing and phenotyping additional progeny requires less effort than
completely genotyping individuals for all the markers, which Is typically the case in
many species. The first one, catlled "selective genotyping’, although originally proposed
by Lander and Botstein (1989}, had its basic principle previously described by Stuber of
al. (1980). 1 is based on the fact that a significant difference in allelic frequency at the
QTL's in the high and low extremes of the phenotypic distribution can be used as a test
for linkage between marker and QTL. Lander and Botstein (1989) contend that progeny
with phenotypes more than 1 standard deviation from the mean comprise about 33% of
the total population but contribute about 81% of the total linkage Information. By
growing a population that was only about 25% larger and genotyping only these
extreme progeny. the same total linkage information would be obtained from
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genotyping only about 40% as many individuals. Therefore when adopting this strategy,
an extended set of individuals Is grown and evaluated for the quantitative traits, but
only the extreme & 10 20% of the total population is scored for the molecular markers.

As pointed out by Lander and Botstein (1989, standard linear regression mathods
cannot be used for selective genotyping since they would grossly overestimate the
phenotypic effects of the QTL's due to the biased selection of progeny. Missing-data
methods have to be used, provided that the phenotypes are recorded for all the
progeny and the genotypes for the non extreme progeny are entered as missing data.
In general, this strateqy is Interesting for studies involving the simultaneous segregation of
only one or two independent traits, As more traits are included in the study, it becomes
less and less efficient as new extremes have to be genotyped. which can eventually
result in Q larger number of marker assays than the complete genotyping of the original
non-extended population (Darvasi and Soller 1992).

The second strategy involves some kind of replication of the individual genotypes to
be evaluated in the experiment. This strategy basically reduces environmental variation,
increasing the precision of the phenotypic evaluation and keeps constant the number
of genotypic marker assqys. Futhermore, genotype replication allows studies of QTL x
Environment inferaction and faciltates the exchange of genetic material among
researchers. Some types of genotype replications commonly used include: F3 families or
dihaploid lines in autogamous plants, progeny tests in outcrossed plants and animals
(e.g. the "granddaughter design® proposed by Weller et al. 1990) and vegetative
propagules In specles that can be propagated asexually (e.g. tissue cutture, rooted
cuttings etc.). If all the additive genetic varigtion can be accounted for by the markers,
an additional replication of a clone increases the power of detection in a proportion
equivalent to adding another progeny Individual (Knapp and Bridges 1990). The use of
clonal replication is particularly advantageous for traits of low herdtability (0.1 to 0.2).
Bradshaw and Foster (1992) estimated that in these cases, reductions of 50 to 70% in the
number of individuals could be theoretically achieved, by using six clonal propagutes
per genotype, keeping the same statistical power of QIL detection.

The perspective of using molecular markers as an Instrument for early selection in
tree breeding has stimulated QTL mapping experiments in some of the mailn forest tree
species. Three-generation pedigrees and RFLP markers were originally used for this
purpose. Groover et al. (1993) identified QIL's controlling wood specific gravity in Pinus
taeda. QTl's for phenological and growth related traits were also identified in an
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interspecific cross of poplar (Bradshaw 1993). The kinds of pedigrees used In these
studies, however, are not the ones typically generated in tree breeding programs. Two-
genergtion pedigrees involving half-sib familes obtained by polymix cross or open
poliination, and fullsib familes are commonly available or can be easily produced in o
program. Atterative strategies for map construction were recently extended to QTL
mapping in Eucalyptus grandis and E. urophylla. The pseudo-testcross analysis
combined with clonal replication of genctypes, was used to investigate the genetic
basis of vegetative propagation ability. Eleven genomic regions were detected
accounting for 97% of the variation in in vifro micropropagation response, eight regions
accounted for 71% of the variction in coppice sprouting abilty and eight regions
accounted for 70% of the adventitious rooting response. A second experiment involved
QL mapping of productivity related traits at harvest age (6.5 years) using an existing
matemal halfssib family obtained by open poliination. Athough only the maternal
contribution was under scrutiny, four QTL's for volume growth (accounting for about 20%
of the total within-family phenotypic varigtion) and four for wood specific gravity (36%
of the variation) were mapped. The effect of an allelic substitution at these QTL's caused
an upward shift of 0.3 to 0.66 phenotypic standard deviations. These results support the
existence of magjor genes controlling quantitatively inherited, economically important
traits with strong alleles of general combining ability effect (Grattapaglia and Sederoff
1993; Grattapaglia et al. 1994).

Strategies utilizing paternal half-sib families obtained by artificial insemination have
been also applied for QTL mapping in cattle (Beever et al. 1990). The half-sib analysis
depends on the ability to uniquely identify the marker alleles derived from the common
progenttor, and detects exclusively the effect of QIL's in an heterozygous state. In
conifers, the identification of the matemal genetic contribution can be easlly obtained
with the analysis of the haploid megagametophyte because it cames exactly the same
genetic constitution as the fertilized ovule that gives rise o the embryo scored for the
quantitative trait (Grattapaglia ef ol 1992¢). In most species haploid
megegametophytes are not bioclogically available. A more general and equally
effective altemative was used in the QTL mapping studies in Eucalyptus. where the high
polymorphism detection power of the RAPD technology was used to preselect markers
heterozygous In the common matemal progenitor and for which the plus allele
(presence of the band) was absent or at very low frequencles in the polien parents.
With this set of markers, that displayed the expected 1:1 segregation in the half-sib
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family, the matemal marker and associated QTL contribution could be uniquely
identified (Grattapaglia and Sederoff 1993; Grattapaglia et al. 1994).

3.6 Marker assisted breeding

The introduction of DNA marker technologies and the ability to do detailed analysis
of genetic linkage. have ralsed anew the debate on molecular marker assisted
breeding strategies. While this possibility has been explored for simply inherited tralts, the
effective practice of marker assisted selection for quantitative traits still represents a very
rarely tested hypothesis even In crops lke maze and tomato where several QIL
mapping studies have already been camied out.

An argument frequently raised by some is that the improvement of simply inherited
traits does not require markers for selection, because the phenotypes can be easily
scored. Although this argument is comect in principle, the use of molecular markers
linked to genes for disease and pest resistance can have an important impact in the
selection of resistant individuals. Indirect selection based on markers can be an
important strategy when breeding for resistance fo an exotic and not yet introduced
pathogen in a region or country. As the handling of the pathogen or pest is prohibited
by quarantine laws, marker assisted selection can effectively accelerate the generation
of resistant materials. Another case would be when resistance is desired to two or more
systemic diseases. One of the biggest problems in such cases is the handling and
evaluation of the interactions of the pathogens infecting the same individual
Simultaneous Infection frequently makes t complicated or impossible to simuttaneously
select genotypes with muttiple resistances (Femeira 1993). Finally, indirect marker assisted
selection could be a useful tool in cases when the phenotypes are difficult to score or
when there is a need to score the tralt at an early age.

3.6.1 Backcross breeding

The use of molecular markers assisted backcrossing is probably the most concrete
current application of this technology in plont breeding. Markers closely linked to the
genes to be introgressed from a wild progenitor to a commercial line or from one line to
another (backcross line conversion) are used to monitor and select for their presence of
those genes in generations of backcrossing. At the same time, selection is also
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performed based on molecular marker genotypes of the recurrent parent with the
objective of recovering the recumrent genome. The concept of "‘graphical genotypes’
(Young and Tanksiey 1988) was introduced In this context where individuals were
selected based on the proportion of recurrent genome s measured by molecular
marker, signfficantly reducing the number of generations necessary for the
development of new cultivars or lines.

Markers have been used for the introgression of viral resistance in tomato (Young
and Tanksley 1989), tissue culture regeneration abllity in maze (Armstrong et al. 1992)
and have been proposed for gene introgression in domaestic animals with the use of
minisatelite markers (Hillel et al. 1990). Paterson ef al. (1988) suggested that the use of
markers could reduce by half the number of backeross generations. Young and
Tanksley (1989) estimated that by selecting for the recument genome using RFLP markers,
an introgressed segment could be reduced in two generations to a sze that would
require 100 generations of backcrossing without markers.

A common approach in marker aided backcross breeding is to select as early as
possible and as strongly as possible on markers very close to the infrogressed gene,
generally without paying much attention to the non-carrier chromosome. However,
Hospital et al. (1992) used computer simulations to show that this is not always the best
strategy. They investigated the use of markers to accelerate the recovery of the
recipient genome during introgression. Their results indicate that the segment
surrounding the Introgressed gene is better controlled by distant markers unless high
selection intensity can be applied. Selection on this segment first can reduce the
selection intensity available for selection on non-carrier chromosomes. They conciude
that markers may lead to a gain in time of two generations, but that it does not seem
possible to simutaneously optimize selection for both the camier and non-camier
chromosomes without a compromise as to the efficiency of selection for each part of
the genome.

Dudley (1993} comectly points out that marker assisted backcross is appropriate for
traits controlled by a small number of loci. As the number of locl segregating for the trait
increases, the number of backcross individuals that need to be grown to have a high
probability of recovering a combingation of favorable marker clieles at al locl qlso
increases dramatically. Also, a larger proportion of unwanted donor genome will be
cariied by ‘linkage drag” at all the locl. making it more difficult to efficiently select
against #. The use of flanking markers has the advantage of providing a greater
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precision during selection, however it reduces the probability of finding all the favorable
marker alieles in one individual. Tanksley et al. (1989) predicted that the use of
molecular markers to access and transfer genes from exotic germplasm to commercial
varieties would rapidly become the most significant contribution of this technology in
breeding of cultivated crops. A combination of marker assisted backcross line
conversion and embryo rescue was used to deploy a new makze hybrid camying @
particular disease resistance in a record time of one year (M. Ragot, Ciba-Geigy.
personal communication).

3.6.2 Development of inbred lines

Marker assisted selection can be used during inbreeding in an anglogous manner 1o
the backcross, i.e. by reducing the number of generations of selfing or consanguineous
matings necessary to achieve homozygosity (fixation) at the desired QTL loci,
Simultaneously, selection against recessive detrimental alleles (negative QTL's) at overall
fitness QTL's could alo be accomplished which could significantly contrbute to the
selection of better lines for seed production purposes. The efficiency of such a
procedure will again depend on the number of QTL's that need to be selected. and the
frequency of recombination between marker aond QTL. Murray et al. (1988)
demonstrated the potential utility of this procedure for the selection of lines with
resistance to maize dwarf mosaic vinus. They identified seven genomic regions
associated with the resistance. Then they used this linkage information to account for
95% of the variation in resistance among lines selfed out of the F3 generation, resulting in
the selection of lines at an early stage of inbreeding.

3.6.3 Improvement of quantitative traits

Potentially, the greatest impact of marker assisted breeding techniques Is expected
for the improvement of complex polygenic traits. Indirect selection based on markers
has to be evaluated on a case by case basis considering simuttaneously the selection
intensity, hertability, genetic comelations, length of a breeding cycle (selection and
recombination) and the relative cost of each atternative. The efficiency of selection for
traits of low hertability can be significantly improved with the use of markers whose
hertability approaches 1. On the other hand, the detection of QTL's for such complex
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traits is intrinsically more challenging under the assumptions of quantitative genetics,
where a large number of genes of small and equal effect are assumed to be controlling
the trait. The analysis of a very large number of individuals becomes necsssary to
achieve sufficient statistical power of detection.

Lande and Thompson (1990} analyzed the efficiency of marker assisted selection in
the improvement of quantitative traits. They proposed the use of selection indices
where the sum of the additive effects at the QTL's would be used as a molecular score
which would in tum be combined with phenotypic information at the individual ievel
and at the family mean level. The efficiency of this approach would depend on the
hertability of the character, the proportion of the additive variance assoclated with the
marker loci and the selection scheme. When the proportion of the additive variance
explained by markers exceeds the heritability of the character, selection on the markers
alone is more efficient than selection on the individual phenotype (Smith 1967). In o
recent review, Dudley (1993) discussed other approches that have been suggested for
using molecular marker/QTL linkage data in the practice of selection for quantitative
traits.

Lande and Thompson (1990) recognized three limitations for the potential utility of
markers in applied breeding: (1) the number or markers loci necessary 1o detect
significant associations with QTL's; (2) sample szes needed to detect QTL's for traits of low
heritability and (3) sampling error in the estimation of relative weights in the selection
index combining molecular and phenotypic information. On the other hand they also
indicate that (1) hybridization between divergent lines is o powerful mechanism for
generating linkage disequilibria (associations) between markers and trait loci; (2) that
the number of marker loci scored can be greatly reduced in subsequent generations
following hybridization, by neglecting those that inftlally were not significantly associated
with the QTL's; (3) the number of individuals needed to detect substantial additive
genetic variance associated with markers ranges from o few hundred to o few
thousands depending on the heritability and the number of QTL's involved and (4) that

the loss of efficiency due to incorrect estimation of index weights will be quite small
when similar sample szes are used to estinate these parameters. Abhough they
recognize that many details on the use of marker assisted selection still need research,
they conclude that their results support the fact that molecular markers can be used fo
gchieve substantial increases in the efficiency of arificial selection. Finally, they
recognize that due to the sample szes required. befter technologies in the assays of
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molecular markers are needed to accomplish such work, and predicted that such
technologies would be developed in the near future. Since then, new and improved
technologies have come about that allow ¢ much more rapid acquisition of marker
data (see chapter ).

Cther factors to be considered when contemplating marker assisted breeding
include: (1) the repedtibility of the linkage information between marker and QTL across
famiiies; (2) QTL x Environment interaction: (3) simultaneous selection for muttiple traits.
Experimental results in maze and tomato are controversial in relation to the first two
factors. Beavis et al. (1991) found a few QTL in common among four different maize
populations. On the other hand, Lee ef ol (1991) found seven QTL's in common for
resistance to european com borer, of which four mapped to regions previously
identified in independent experiments. Stuber et ol (1992) found Iittle evidence of QTL x
Environment interaction for grain yield, a trait that typically shows significant genotype
by environment (GxE) interaction. However Paterson ef al. (1991) verified that out of 20
QTL's identified for several fraits in tomato, only four were common qcross three
divergent environments, 10 across two environments and 15 expressed specifically in
each environment,

Significant QTLx Environment interactions are not particulary surprising because GxE
is routinely found in breeding experiments and varies with different traits. Therefore, this
type of interaction is not a peculiarity of marker assisted breeding, but rather it has to be
taken into account in any form of artificial selection. In an analogous manner, the
simultaneous improvement of multiple traits using markers faces the same challenges
presented in conventional breeding and requires similar choices of priorities of one tralt
over ancother. However, the access that markers provide to the individual components
of each frait and the knowledge of the expected magnitude of effect associated with
each one of them wil certainly allow for increased efficiency both when GxE is strong
and when multipie trait breeding is the objective.

The experimental resufts of marker assisted selection for quantitative traits are still
limited and controversial Qudley 1993). For grain yield in makze, Stuber and Edwards
(1986) originally compared selection with 15 isozyme markers with phenotypic selection
and concluded that the gain was the same. Johnson (1991) suggested that selection of
34 lines for yield based on markers and S9 testcross performance was more efficient
than selection based on testcross perfomnance alone. Stromberg (1992) verified that
selection with markers among Fo plants and subsequent selection among S4 plants
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within lines derived from the selected Fp plants was as efficient as selecting based on Fp
testcross means.

3.6.4 Breeding of perennial forest and fruit species

The use of molecular markers as a supplemental tool in breeding long lived species is
a very appealing possibility, When taking into account the time necessary to complete
a generation of breeding. an efficient way o carry out eary selection could resutt in @
substantial increase in genetic gain per unit time. This perspective makes the genetic
improvement of perennial species the applied area where marker assisted breeding
technologies have the highest chances of making a significant impact in productivity.

Recently the first experimental resufts in the area demonstrated that QTL's can be
detected controling economically important quantitative fraits in some of the major
free species (Groover et al. 1993; Bradshaw 1993; Grattapaglia and Sederoff 1993;
Grattapaglia et al. 1994). The identification of some major effect QIL's explaining
considerable proportions of the total variation in all the fraits and species, suggests that
the architecture of quantitative traits such as volume growth and wood specific gravity
in trees have a genetic structure similar to those of polygenic traits investigated in
annual crops. Also, QTL mapping Is possible on two-generation pedigrees commonly
available in breeding programs. This opens the possibility of using existing families in
retrospective QTL analyses (Grattapaglia ef al. 1993).

The main argument traditionally raised against the feasibility of marker assisted
breeding in forest and fruit species is the expected absence of linkage disequilibria
between marker and trait loci (Beckmann and Soller 1986; Strauss et al. 1992).
Population genetics theory maintains the view that in large random mating populations
the alleles at QTL's and alieles at marker loci would be randomly associated in different
individuals, so that it would be impossible to establish significant  marker/QTL
associations at the population level. Breeding populations of annual crop plants on the
other hand have characteristics that generate high levels of linkage disequilibrium and
faciltate the detection of significant associations. These include: restricted genetic base;
autogamous reproductive habit; or when naturally allogamous the avallability of inbred
lines and pedigrees where significant amounts of linkage disequlibrium can be

generated.
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The assumption of linkage equilibrium Is based on data coming from natural
populations of forest trees, which more closely resemble the ideclzed population
model. Also they are based on a few and sparsely distibuted Isozyme locl, typically
physically unlinked. However, breeding populations of forest trees, are significantly more
reduced in sze, are frequently structured in subpopuiations, are under artificial selection
and often Involve high degrees of distant hybridizations both between species or
provenances in their initial establishment. Genetic drift, selection and hybridization are
all powerful forces to create significant linkage disequilibrium between locl. Also, the
number of markers that can be assayed at the DNA level are much larger than
isozymes, and consequently physical linkages between loci can be detected at o
much higher efficiency and closer distances. The assumption of lack of disequilibrium
might not be a realistic one in the context of breeding populations with more powerful
marker technologies avallable.

However, even if the assumption of lack of disequilibrium proves true, an atemative
and powerful approach is possible today. This approach involves the construction of
genetic linkage maps of molecular markers for individual genotypes. Close linkages
established between markers and QIL's at the individual level could be followed for
several subsequent generations of selection and recombination. This possibility couid
never have been considered before because the marker techniques that existed until a
few years back presented a major technological barrier for the rapid acquisition of
marker data. Furthermore, several forest geneticists followed the orthodox concept of a
unique reference linkage map for the species, derived from the cumrent thinking In the
annual crop QTL mapping arena, where breeding is based on a very restricted genetic
base. The introduction of RAPD markers (Williams ef ol 1990) and the construction of
single-tree linkage maps in conifers (Grattapaglia ef af. 1991; Tulsieram et al. 19920) and
angiospems (Grattapaglia and Sederoff 1992) has provoked a reevaluation of the
perspectives of marker assisted breeding in forest trees, and the suggestion of potential
strategies for its implementation (Grattapaglia et al. 1992¢,1993).

This reevaluation is based on the heterodox proposal of constructing finkage maps
for every individual tree of an elte breeding population. The use of small elite
populations of between 4 and 30 individuals Is becoming more common in forest tree
breeding. especially in more advanced programs, both in the form of sublines
(McKeand and Bridgwater 1992), nucleus breeding (Cotterill et al. 1988) or supertines
(White et al. 1993). These strategies involve a larger concentrartion of efforts in selection
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and recombination in these elite groups. aiming at rapid gains. The integration of more
sophisticated selection technologies would therefore be appropriate to these new
breeding strategies. QTL mapping in each individual tree would be done by analyzing
the performance of thelr progeny. Large progeny sizes and many marker assays would
be required in the inftial detection step to achieve sufficient power for detection. In
subsequent generations, however, the number of markers would be substantially
reduced as only those particular marker segments containing the QTL's of interest would
be tracked. Progeny sizes could then vary, not so much for statistical power purposes
but more for increasing the probability of recovering genotypes with the comect QITL
allele profiles. The size will depend on the objectives of selection, especially at the
within-family level.

An important aspect of such a proposal is that not only would individual maps be
constructed but also individual QTL's would be Identified. L.e. no population levet QTL's
are assumed. Although such "population level® or general quantitative trait loci (QTL
should exist, their relative importance in the overall level of genetic variation in
quantitative traits in forest trees is stil unclear. The identification and manipulation of
QTL's specific to individual trees might emerge as being more important for the
advancement of quantitative traits by marker assisted breeding. For a similar
phenotypic expression, it is likely that different QTL's can act in different ways in different
individuals, depending on the genetic background and the kinds of selective pressures
that the individuals have been subject to. Furthermore, linkage relationships between
markers and QTL's vary. Experimental evidences of inconsistency of QTL expression
across populations have been reported in maze and tomato (Beavis et al. 1991;
Tanksley and Hewitt 1988) suggesting that population level QTL's should be seen with
caution,

However, when marker/trait associations have been established at the individual
level, substantial linkage disequilibria are expected to be maintained between
selectively neutral loci with recombination distance r< 1/T where T is the number of
generations of random mating following the inftial hybridization (Kimura and Ohta 1971).
Also genetic diift in a randomly mating population of sze Ne is expected to produce
substantial associations between loci with recombination rates r < 1/(4Ne) (Hill and
Robertson 1948). So., apart from the effects of selection which will be operating to
establish associations, if we assume for example 3 generations of random mating since
the establishment of a tree breeding populations based on hybridizations, even sparsely
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dense maps (average distance of 30% recombination) should be useful for detecting
associations. Also, regardiess of hybridization, in small breeding subpopulations of 5
individuals substantial linkage disequilibria could be expected at distances around 5%
recombination. Therefore, given that close linkages are established between markers
and QTL in the mapping phase, the decay of marker-trait associations with time, would
not be of immediate concem in the context of the long generations of tree breeding.

As the associations between markers and QTL's are established in each individual,
two possibilities exist for the use of this information: (1) retrospective selection of
progenitors based on some kind of selection index that combines phenotypic
information at the family level and the QIL profile of each potential progenttor. The
objective would be to select parents to synthesze new crosses where a larger number
of favorable alleles could be recovered in single progeny genotypes; (2) prospective
individual tree selection at high intensity within families, using the added precision of QTL
mapping information. In species where non-additive genetic effects are important, and
it is possible to capture such effects through vegetative propagation. (e.g. Eucalyptus,
poplar, sweetgum) the QTL mapping information could become especially important to
increase selection precision of superior individuails.

A significant impact of the QTL mapping information could be readlzed in eary
selection, both in the context of recurrent selection in smali elite populations, as well as
for the selection of individuals for vegetative propagation. In recurrent selection,
selected individuals could be recombined more rapidly to produce the next
generation, potentially increasing the genetic gain per unit time. In the selection of
clones, the possibility of practicing an intense preliminary selection at a very juvenile
stage, would circumvent the common problem of loss of regeneration or adventitious
rooting ability with physiological phase change. Preliminary selection of individuals
would be camied out based on QIL allele composition, substantially reducing the
number of selected clones, Selected Individuals could then be micropropagated or
kept as juvenile hedges immediately. In a first stage of this practice. results of clonal tricls
in the field would be needed to corroborate the preliminary selection. In later stages of
the program, once validation and prediction experiments had been accomplished, a
strict selection on QTS could be implemented and selected Individuals could be
immediately deployed as clones.

Another interesting option would be indirect selection for traits that are difficult to
evaluate, such as adventitious rooting response or wood properties (e.g. cellulose pulp
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vield, fiber characteristics). These traits require lengthy and cosfly procedures for
phenotypic evaluation in greenhouse or laboratory. Similarly indirect/early selection for
fruit quality traits or disease and pest resistance would have great impact in frult crop
breeding.

Finally, molecular markers couid be very useful s an qid in the development of
inbred lines in forest trees. Such a strategy was considered to be impractical In forest
free improvement because of the low vigor and poor seed set of inbreds and the
resultant drastic reduction in the sze of the breeding population (Frankiin 1969).
However the promoticn of different levels of inbreeding has recently been introduced
into advanced breeding programs as a supplemental mechanism to achleve fixation of
favorable alieles and removal of genetic load (McKeand and Bridgwater 1992; M.
Carson, personal communication). The experience in makze demonstrated that the
production of inbred lines is ¢ very lengthy and difficult task, however extremely high
productivities can be realzed In the hybrids. The phenomenal growth of several
interspecific poplar and eucalypt hybrids suggests that dominant gene actions &
important In the expression of phenotypic superiority. The avallabilty of partilly
endogamous lines could allow a better exploitation of such effects. Crosses between
unrelated S2 individuals (second generation selfs) of Eucalyptus grandis in Brezil, have
shown remarkable growth and uniformity (R. Vencovsky, personal communication).
Molecular markers tightly linked 1o favorable alleles would be used to monitor the
inheritance and fixation of favorable alleles in generations of seffing or consanguineous
matings and to select desired genotypes. At the same time, genomic regions displaying
segregation distortions could allow the identification of detiimental lethals or semi-lethals
at the seedling stage., faciitating their early removal from the population.

3.7 Map-based or positionat cloning

The identification and cloning of economically important genes is still a very difficutt
task. The classic paradigm of reverse genetics involves the identification of a gene
product, typically an enzyme, tts purification 1o homogeneity, the production of a
specific monocional antibody to the protein and the use of this antibody to screen a
complementary DNA (cDNA) expression library to identify the cDNA clone that encodes
the protein. Based on the sequence of the cDNA, a complete genomic clone is Isolated
including upstream cis regulatory regions. When an appropriate assay system is
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available, transcription factors involved in the regulation of the gene can potentially be
identified and also cloned. This procedure is elegant, however it is limited 10 those few
cases where the relevant gene products are known. When the exact gene product of
interest is not known or the phenotypic expression does not involve g prion a defined
protein, another strategy can be used. This consist in targeting genes that encode the
enzymes involved in the biosynthesis of compounds that efther affect the characteristic
or are structurally closely related to those compounds. Additionally, the specific ¢is and
trans regulatory elements are needed for the comect tissue or developmental stage
specific expression. For example genes that encode for the enzymes involved in the
biosynthesis of specific fatty acids could be targeted with the objective of manipulating
oil contents in seeds. From the breeding standpoint, such on approach Is based on o
rather strong assumption that once the gene(s) is cloned and introduced in a cultivated
variety, its expression will effectively resut in a phenotypic change. and more
importantly in the desired direction. This occasionally works, when the trait is simple
enough that one or a few genes can result in a significant phenotypic effect. Oligo and
polygenic traits have not yet been manipulated in this manner, and this perspective
seems rather difficuft.

An dlternative to isclate and clone genes in cases where the gene product Is not
known, is the use of map-based cloning strategies also called positional cloning. in this
approach, the actuat phenotypic effect of a gene is verified g prod  through the
measurement of the trait in segregating families, The approximate map position of the
QIL in relation to molecular markers is then determined by linkage analysis. The following
step is typically called fine structure mapping. ond aims at identifying markers very
closely linked (< 1 cM) to the mapped phenotypic effect (QTL) of interest. Different
chromosomal segments that contain such markers are identified and their overlapping
regions determined using all the available markers in that region. Phenotypic effects of
each chromosomal segment are determined by QTL analysis in segregating progenies.
Effects that are shared by different segments are attributed to QIL's in overlapping
regions of those segments. Exclusive effects of o segment are affributed to exclusive
portions of that segment. The resolution of this kind of mapping strategy depends on the
number of molecular markers and on the availabilty of large numbers of progeny
individuals to increase the probability of recovering Informative recombination events in
the segments of interest. Fine structure mapping has been accomplished in fomato,
where segments of only 3 cM in length were identified containing QTL's for fruit quality
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traits (Paterson et ol 1990). The tomaio genetic map s now highly saturated with
markers spaced ot an average 1.2 cM (Tanksley et ol 1992), facllitating this kind of
approach. However, 1 cM of map distance still corresponds to some hundred kilobase
pairs of DNA, containing several genes. In Eucalyptus for example, it has been
estimated that 1 ¢cM coresponds on the average to 600 to 700 Kb of DNA
(Grattapaglia and Bradshaw 1994)

To move from a fine structure map around the locus of interest to the actual gene is
still @ very challenging task today. Chromosome walking involves the use of large clones
of genomic DNA (cosmid clones generally) that contain overlapping DNA sequences.
The procedure depends on obtaining a small segment of DNA from one end of the first
clone and using this segment to rescreen the library to obtain new clones, and so on
until an overlapping set of clones is obtained spanning the region between the two
markers flanking the locus of interest. Chromosome jumping techniques have also been
used to accelerate this procedure. Special libraries are prepared where cloned
fragments contain sequences that are widely separated on the chromosome. The
jumping library can be screened with a probe and positive clones should contain a
DNA fragment from a region the length of the jump from the probe (Watson et al. 1992).
A powerful alternative technique that is currently being adopted is the STS approach
(Sequence Tagged Sites). A STS Is a unique sequence from a known location that can
be amplified by PCR. The unique primer sequences provide a common language
among laboratories facilitating large scale map-based cloning efforts. STS can be used
for ordering clones by searching for clones common to two or more STS's. (Olson et al.
1989)

However, gene mapping and analysis based on overdapping cosmids is labor
intensive because so many clones are needed to encompass segments of interest,
Yeast Arificial Chromosomes (YAC's) offer a powerful alitemative for map-based cloning
experiments because fragments of several hundred kilobases and up to 1 megabases

can be cloned and screened. So potentially one or two overlapping clones can be
found In a YAC library that span the whole region of interest between the two flanking
markers. However, even when a clone of DNA s finally isolated that contains the locus
of interest, the next challenge is to identify the gene of interest among the several genes
that are likely to be present along the segment. A particularly useful strategy is the use
of mutants that lack the phenotypic function of interest, in combination with a plant
transformation system. Subclones of the segment identified as containing the gene are
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transformed and expressed into the mutant plant and restoration or complementation
of function is evaluated. This procedure cllows narmowing down to particular DNA
sequences that precisely contain the gene desired. In the model plant Arabidopsis
thaliona, it has been used for map-based cloning of a gene controlling biosynthesis of
fatty acids (Arondel et al. 1992). This strategy. however, has still a limited applicability in
crop plants since t requires YAC libraries, mutants and efficient plant transformation
systems.

4. CONCLUSIONS

Detailed genetic analysis at the DNA level is becoming increasingly efficient. Large
amounts of information about plant genomes is being generated for several cultivated
species. The prospects are good for an even more dramatic explosion of knowledge in
this area in the next decades. Numerous opportunities will be available for a more
efficient use and management of the existing genetic variability both in the cuttivated
and undomesticated germpiasm resources. The identification of genomic regions
controlling important traits is possible not only in species traditionally amenable to
mapping studies but also to essentially undomesticated species with high levels of
heterozygosity such as forest and fruit trees. The impact of this technology could prove
far greater for these species in view of the long generation times necessary for breeding.

The literature of genetic mapping using molecular markers inciudes a large number
of analytical studies. Adequate experimental designs and methods for statistical analysis
are now available. The technological limitations for the rapld acquisition of genotypic
data for large numbers of polymorphic markers in farge families have been significantly
mitigated by PCR based marker techncologies, On the other hand. both theory and
experimental data on the implementation of marker assisted technologies for the
generation of improved plant products, are still very limited.

The major challenge facing researchers in the area of molecular breeding is how to
integrate the knowledge acquired through the use of marker data, in the effective
practice of plant breeding. In the area of marker assisted selection, several aspects still
need intensive investigation, such as: (1) the stability of QTL expression In variable
genetic backgrounds and environments; (2) the final phenotypic effect following the
accumulation of supposedly favorable dlleles at different QIL's; (3) the potenticl
exploration of epistatic interaction omong QIL's for increased and continuous gains
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through selection: (4) methodologies of practical integration of QTL mapping
Information In selection indices; (5) comparative estimates of realzed gains through
selection with and without QTL mapping information.

The practical application of this technology will depend on a cost/benefit analysis,
on a case by case basls, taking Into consideration the bicloglical properties of the crop.,
the specific traits that need to be improved ond the populations and marker
techniques available. Since the initial experiments by Sax In 1923, the great promise still
remains for marker assisted selection. lts greatest impact is predicted for traits of low
hertability or difficutt evaluation, in situations where undesirable genetic comelations
exists between traits, and especially in the practice of eary selection in perennial crops.
The physical isolation and manipulation of individual genes that control quantitative
traits of commercial importance il seems 10 be a distant objective, however
theoretically attainable. It will be interesting to see how soon this will be realized.
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1. INTRODUCTION

The term °*molecular marker® in plant genetics and breeding. includes any
molecular phenotype detected as a distinct protein or segment of DNA or RNA. The
molecular marker can be anonymous or not  in sequence and function. ¥ may
correspond to a genetically expressed sequence or not and it merely functions as @
reference point for a site in the genome. When this molecular marker behaves
according to Mendel's basic low of inheritance of a simple factor, it is additionally
defined as a genetic marker. An important distinction that has to be made is that
because a molecular marker is physically a DNA molecule or It is functionally close to i,
it does not necessarily mean that it operates and can be used as a genetic marker. For
example, some DNA sequences are modified during development by methylation with
resulting changes in expression or sensitivity to restriction enzymes used for thelir
detection.

The introduction of recombinant DNA technologies and the discovery of the
Polymerase Chain reaction (PCR), have caused a shift from genetic analysis based on
the inference of genotypes from phenotypes, pioneered by Mendel, 1o genetic
methods based on the direct analysis of variation at the level of DNA sequence.
Beckmann (1988) defined this as a shift from Mendelian Genetics to Genomic Genetics.
Several techniques of molecular biology are available today for the detection of
genetic variability at the DNA level, and the analysis of genetic polymorphism. These
technigues allow the generation of a virtually unlimited number of molecular markers.
which display Mendelian inheritance and cover whole genomes. These markers con be
used for many applications in genetic studies and the practice of plant breeding.

The technological development in the area of molecular markers has been
extremely rapid and dynamic. The study of plant genomes has taken great advantage
of the advances that come from the Human Genome Project. More efficient and
accessible methods are constantly being developed and implemented. More powerful
statistical methods and computational capabilities follow, allowing the management of
the large amounts of data. For these reasons, any affempt of an exhaustive review of
this subject would rapidly become out of date. The objective of this chapter is to
provide a general overview on the existing methods available for the generation of
molecular markers specificaly used for the genetic analysis in plant genetics and
breeding. For each class of molecular marker we describe the origin, the genetic basis
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and the principles involved in detection. A comparative analysis of the advantages and
limitations of each class of marker Is then described for applications In plant breeding.
Details and examples of such gpplications will be made in a separate chapter. Finally,
we describe some novel and extremely powerful techniques for the detection of DNA
polymorphisms that open new perspectives for the analysis of complex genomes and
potentially the isolation of economically important genes.

2. MORPHOLOGICAL AND MOLECULAR MARKERS

Prior to the 19460's, markers used in plant genetics and breeding were those
derived from genes controlling discrete phenotypes of easy visuat identification such as
dwarfism, chlorophyll deficiencies, flower, seed or leaf color and morphology. These
morphological markers contributed significantly to the theoretical development of
genetic segregation and linkage and constituted the first versions of genetic maps. Due
to their limited number, however, these markers were rarely physically close to
economically important genes, and therefore not of use in the practice of plant
breeding. Furthermore, the availability of such markers was essentially restricted o a few
plant species used as model systems for the study of inheritance, such as peq, maze
and tomato.

This picture began to change in the 1960's with the development of molecular
markers based on isozymes polymoerphisms. The number of genetic markers was
increased by at least one order of magnitude and more importantly their application
included potentially any plant species of interest. The advent of the modem
techniques of molecular biclogy brought about several methods for the detection of
DNA polymorphisms. In the 1970's the discovery and use of restriction enzymes and DNA
hybridization, allowed the analysis of Restriction Fragment Length Polymorphisms
(RELP's). More recently, foliowing the discovery of the PCR (Polymerase Chain reaction)
process by which segments of DNA can be amplified using a themostable DNA
polymerase (Mullis and Faloona 1987; Saiki et al. 1988) several classes of molecular
markers based on this technology have been described. These techniques. combined
to advanced cloning and sequencing procedures, have allowed a rapid accumutation
of information on the structure of eukaryotic genomes and the discovery of diverse
classes of repetitive DNA such as mini and microsatelites, which constitute a rich source
of genetic polymorphisms. Today, taking all these classes of markers together, a virtually
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unlimited number of highly variable (polymorphic) genetic markers can be obtained
and explored in virtually any living organism.

3. ADVANTAGES OF MOLECULAR MARKERS AS GENETIC MARKERS

Some of the main advantages of molecular markers over morphological
markers include:

(1) a large number of genetic marker loci can be followed in segregating
populations, offering the possibility of genetic mapping. The polymorphism information
content (PIC) of such marker loci is generally high, while morphological markers have
typically a low PIC. In the past, great effort was needed to construct genetic maps
based on morphological markers, because several crosses were necessary in order to
bring together and study the joint segregation of markers originally found in different
lines;

(2) molecular markers are generally neutral in relation to phenotypic effects with
minimal or no epistatic or pleiotropic effects. Momhological markers frequently restrict
the nomal plant development (albinos, dwarfs etc.) and show epistatic effects
complicating the comrect identification of genotypes:

(3) molecular markers are generally co dominant, containing more Information
per locus than momphologicat markers, which typically show dominant or recessive
inheritance (Tanksley 1983a.b; Beckman and Solfer 1983; Bum et al. 1983; Stuber 1992).

Besides these aspects, morphological markers can only be identified at the
whole plant level. Biochemical or molecular markers, however, can be genotyped from
samples of tissues or cells at any developmental stage, provided that enough protein or
DNA is made available. This aspect offers the possibility to accelerate breeding and
recombination of desired individuals, reducing the time necessary to complete @
breeding cycle and considerably increasing the efficiency of a breeding program. This
becomes particulary relevant when breeding long lived woody perennials such as
forest and fruit trees (see chapter ),

In the following discussion, we will describe the basic principles involved in the
generation and detection of each class of molecular marker. Some examples will be
used to illustrate these principles. We also present a comparative analysis of the main
characteristics of the four main classes of molecular markers used in plant genetics and
breeding (Table 1). Further detcils are given throughout the text. Some of the marker
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classes discussed in the text were not included in the comparative analysis due to their
basic similarity to markers already covered in the analysis and to thelr very limited use to
date in plant breeding.

4. ISOZYME AND ALLOZYME MARKERS

Isozymes constitute a group of multiple molecular forms of the same enzyme thot
exist in a species as a result of more than one gene encoding for the enzymes (Moss
1982). Since the description of starch gel electrophoresis (Smithies 1955), the
histochemical visualzation of proteins (Hunter and Markert 1957) and the classical
studies of population genetics using Isozyme markers (Lewontin and Hubby 1966),
techniques of isozyme analysis have been applied to a large number of organisms to
answer the most diverse genetic questions. In the last twenty years, a large number of
studies in population ond evolutionary genetics have used Isozyme technigues to
estimate the levels and understand the structure of the genetic variability in natural
populations, study genetic flow, hybridization and species dispersion as well as to carry
out phylogenetic analyses. In plant breeding. isozyme markers have been used to
detect iinkage to mono and oligogenic traits, varetal identification and gemplasm
evaluation (for reviews see Tanksley and Orton 1983). In forest genetics, isozyme markers
have been extensively used making important contributions in breeding practices (see
Adams 1983; Cheliak et al. 1987).

4.1 Genetic basis of isozyme markers

Isozymes display the same catalytic activity, however they can have different
kinetic properties and be separated by biochemical procedures. This means that
isozymes of the same group differ in their amino acid sequence which may result in a
different secondary, tertiary or quartenary protein structure. The number of isozymes for
a particular enzyme can be related to the number of subcellular compartments where
the same catalytic reaction takes place (Goftlieb 1982).

The basic assumption made when using isozyme analysis is that differences in
mobility along an electric field are the result of differences at the level of the DNA
segment that encodes for such enzymes. Thus, if the banding pattems of two individuals
differ, it is generally assumed that such differences have a genetic basis and are
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inherted (Murphy et al. 1990). The genetic control of isozymes occurs by several genes,
which can be alleles at a same locus or be located In different locl. Isozymes encoded
by allelic genes are also defined as allozymes. Murphy et al. (1990} recognize two
general forms of protein datc. One Is derived from Isozymes which are all functionally
similar forms of enzymes, incuding all potymers of subunits produced by different genetic
locl or by different alleles ot the same locus. The other data set consists of aliozymes,
which are variants of polypeptides representing different alielic alternatives of the same
gene locus. To simplify, we will use the more general term “isozyme® to refer to both
these kinds of data.

The expression of isozymes is generally co dominant, i.e. both alieles at a locus in
a diploid individual are expressed and can be visualized. To inferpret the banding
patterns obtained, It is important to have previous knowledge about the number of
subunits of the enzyme. For example. monomerc enzymes are formed by only one
polypeptide, while dimeric enzymes by two. Heterozygotes for a dimeric enzyme,
besides the two bands comesponding to the two polypeptides, also show a third
intermediary band on the gel, product of the conjugation of the two polypeptide
subunits. it is common that more than one genetic locus is resolved on the same gel,
and that the migration of bands of each locus is visualized in different zones of the gel.
Occasionally, subunits of an enzyme can be encoded by distinct genetic loci.
complicating the genetic interpretation of resutting zymograms.

4.2 Detection of isozymes

isozyme detection involves basically three steps: protein extraction from the
appropriate plant tissue, separation of these proteins by electrophoresis and
histochemical staining of the gel to allow the visualzation of bands. The majority of plant
tissues can, in principle, be used for isozyme analysis. Once the adequate tissue has
been identified both from the genetic (e.g. ploidy). physiological (e.g. age) and
practical (e.g. collection and storage) standpoints, it is ground in the presence of a
buffer that allows protein extraction and maintenance of their catalytic activity, while
preventing oxidation of associated phenolic compounds. The protein extract Is then
separated by gel electrophoresis. Different gel matrices (starch, agarose,
polyacrylamide) and several buffer systems can be used for this pumpose. The
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appropriate choice of tissue and the optimization of a buffer system for a particular
isozyme and a particular species are critical variables for the success of this analysis.

Foliowing electrophoresis, the isozymes are visualzed by specific histochemical
stains, that supply substrates to the enzymes. The observed banding pattems
(zymogram) result from the catalysis of a biochemical reaction by the isozyme present
at that position in the gel. allowing therefore the visualzation of a band.

4.3 Advantages of isozyme markers

For most of the isozymes, their genetic control is well known. This allows for
genetic inferences directly from the observed banding pattems. Isozymes generally
provide ample genetic information for several applications. The methods involved are
technically accessible and inexpensive to perform. In spite of the limited number (see
below). several loci can be rapidly and simultaneously analyzed. For example, the most
widely used starch gel systems allow horizontal slicing of the gel in up to 10 slices where
one or more loci is analyzed in each slice. In spite of the current *DNA trend" in the field
of genetic analysis, the practicality of Isozymes will continue t0 make them a very useful
class of molecular markers when an extensive sampling of the genome is not required.

lsozyme alleles are typically co dominant, i.e. heterczygotes and homozygotes
genotypes at a locus can be easily distinguished. This allows direct estimation of genetic
parameters such as genotype frequencies, gene frequencies and from these several
measures of diversity and heterozygosity. Deviations from Hardy-Weinberg equilibrium at
one locus or gametic linkage disequilibrium at several loci can be tested with isozyme
data (Weir 1990).

4.4 Limiations of isozyme markers

When the Investigation requires a more ample coverage of the genome, such as
the case of genetic mapping, isozymes present two basic limitations: (1) the number of
loci that can be resolved and analyzed; (2) the number of alleles per locus, i.e. the level
of genetic polymorphisms detectable at each locus (or Polymorphism Information
Content, PIC). Even if we considered that the total potential number of Isozyme loci that
can be resolved in an organism is around 100 (Murphy et al. 1990}, only a limited
fraction, typically between 10 and 30, can actually be resolved in a particular species.
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This level of resolution does not pemnit the genome coverage necessary for the
construction of genetic linkage maps. Evidently, with only a partial genome coverage.
any alempt of establishing significant associations between markers and genes that
control desirable traits, particularty of polygenic inhertance, becomes limited and
difficult. Athough isozymes are considered as selectively neutral markers, the level of
enzymatic polymorphism has a limit from the evolutionary standpoint, besides the
intrinsic limitation In the detection technique. Thus, besides the limited number of loci,
the absence of genetic polymorphism at some or several of these locl Is frequently
observed, sefiously imiting the power of genetic analysis.

Other limitations of isozymes as genelic markers are: (1) pos-transiational
modifications of the enzymes resulting in the so called conformational lsozymes, or
multiple forms of the products of the saome gene that differ in secondary or tertiary
structures and appear as distinct phenotypes on the gel: (2) specificity of some isozyme
forms to some particular tissues, which can become a temporal lmitation for the
analysis; (3) lsozyme polymomphisms in response 1o environmental conditions or
physiological states of the plant; (4) difficulties in the interpretation of zymograms when
isozymes with identical electrophoretic mobiiities are products of different loci of the
same enzymatic system. If alielic varation exists at such "isoloci’, f can be very difficult or
impossible to determing which alleles belong to which loci (see Murphy et ol 1990 for @
review).

5. RESTRICTION FRAGMENT LENGTH POLYMORPHISMS (RFLP'S)

The acronym RFLP's describes the polymorphisms observed in the length of the
fragments of DNA produced by cleavage with restriction enzymes, and visualzation by
DNA hybridization with probes containing homologous sequences. Restriction enzymes
are enzymes that cut double stranded DNA molecules at specific sites defined by 4 to 8
base pairs. More than 500 restriction endonucieases have been isolated from tacteria,
and several tens of those are commercially available. The natural function of restriction
enzymes is to protect the bacteria from foreign DNA. Methylation of the bocterial
chromosomal DNA at the recognized site, prevents cleavage. The exogenous DNA, not
containing the specific pattem of DNA methylation is recognized and digested.

RFLP's were orginally used for the detection of mutations in viral DNA (Grodzicker
ef al. 1974).The use of RFLP's as genetic markers with the potential to saturate the
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genome for the construction of linkage maps was initially proposed for the human
genome (Bofstein ef al. 1980; Wyman and White 1980). The use of RFLP's in plont
breeding was suggested thereafter by Beckmann and Soller (1983) and Burr et al.
(1983). RFLP's constitute today the most widely used class of molecular marker in plant
genetics and breeding. fts applications range from germplasm Identification and
evaluation to the construction of linkage maps to monitor the inhertance of
Quantitative Trait Loci (QTL's) (for reviews see Helentjaris et al. 1985; Tanksley et af. 1989;
Beckmann 1991; Neale and Williams 1991, Stuber 1992).

5.1 Genetic basis and detection of RFLP's

RFLP's occur because the DNA of distinct individuals differ in the presence or
absence of specific 4 to 8 base pairs sites recognized by restriction enzymes.
Atematively, the DNA sequence of two genotypes can differ as a result of insertions,
deletions or other rearmangements that dlter the relative distance between any two
restriction sites. The RFLP detection technique involves several steps. Initially the DNA of
the individuals that one wishes to analyze is extracted and subjected to digestion with a
particular enzyme. The DNA sequence is cut into a large number of fragments.
Differences in the DNA sequence between individuals (DNA polymorphisms) results in
different populations of fragments, which are sze fractionated by agarose gel
electrophoresis. Due to the large number of fragments produced in eukaryotic
genomes, a smear of fragments is observed on the gel. Discrete fragments cannot be
discemed and therefore differences in length of the fragments between individuals
cannot be visualized directly on the gel.

To perform the detection of RFLP's, the fragments separated by electrophoresis
are transfered and immobilzed by capiiary or vacuum transfer onto nylon or
nitroceliulose membranes in a process of blotting developed by Southem (1975). The
membranes are often called "Southem Blots". The Identification of polymornphic
fragment between individuals is done by hybridizing small cloned DNA fragments called
lobeled probes (see below), o homologous sequences of the fragments immobilzed
onto the membrane. Probe labeling usually involves the Incorporation of nuclectides
containing radioactive phosphorous 32py or sulfur (353) isotopes. Following probe
hybridization, the membrane is exposed to an X-ray fim in a process called
autoradiography, resutting in dark bands or spots on the fim that constitute the genetic
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marker data. These bands resutt from the sensitivity of the film to beta particles emitted
by the radioactivity incorporated to the probe. The probe hybridzes exclusively to
fragments containing homologous sequences, and only where the probe hybridizes. a
signal is obtained on the film.

Altematively., non-radioactive detection systems use modified nuclectides
containing groups such as digoxigenin or bictin, that are Iater recognized by antibody-
enzyme conjugates. In the chemiluminescence system, for example, the antibody
recognizes the digoxigenin group on the hybridized probe, and the conjugated
enzyme, typically an alkaline phosphatase, catalyzes a chemiluminescent reaction
involving a substrate that, when degraded by the enzyme, emits light photons. These
photons play the saome role qs the beta particles in sensiﬂzing the fim.

if two individuals display fragments that differ in length following restriction
digestion, such fragments will migrate to different positions on the gel and also be
immobilzed at different positions on the membrane. Upon probe hybridization and
detection, bands in distinct positions will be observed on the X-ray film, characterizing
so called RFLP. Iif the Mendelian segregation and inheritance Is confirmed by analyzing
parents and progeny, the particular RFLP is a defined locus and can be used as a
genetic marker. The membrane prepared at the beginning of the procedure can be
reused several times (up to 10) for hybridization with different probes, provided that the
previous probe is adequately removed and the immobilized DNA is not degraded. Each
probe typically provides one polymorphic marker, and occasionally detects more than
one.

5.2 Production of probes for RFLP analysis

The DNA clones to be used as probes can be obtained in different ways, the
most common being: (1) by reverse transcription of messenger RNA of the organism
under study. producing a complementary DNA (cDNA) library of clones comesponding
to expressed sequences of the genome: (2) random genomic DNA sequences, in the
form of a genomic library that includes both expressed and non expressed sequences;
(3) from known clones of specific genes, either by PCR amplffication or synthetic
oligonucleotide construction.

Typically, once the library of fragments to be used as probes Is obtained. o
necessary step before any analysis can be carried out is the selection of ciones to be
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used as probes. In this screening procedure, the cbjective s to select those clones that
contain exclusively single or low copy sequences, that is, that do not contain repetitive
sequences present in the genome. Clones containing such repetitive DNA, will hybridize
to dll the fragments immobized on the membrane that contain such repetitive
elements. After gutoradiography, this pattem of hybridization will show large numbers of
bands or continuous smears that cannot be interpreted or followed as genetic markers.
On the other hand, probes contaning moderately repetitive elements become very
useful for the objective of obtaining unique fingemrints of genomes (see section 6).
Libraries of cDNA fragments are intrinsically made up of a large majority of low to single
copy clones. Genomic libraries are not, however they can be constructed in specific
ways as to enrich them in low copy sequences. In general both types of libraries supply
useful probes with similar amounts of detectable polymorphism.

§.3 Advantages of RFLP markers

RFLP's present the main advantage of potentially covering the whole genome of
interest, depending on the type of library used to obtain the probes. The use of RFLP
markers substantially increases the probability of finding significant associations between
markers and genetic loci of breeding interest. # was postulated that a single
segregating population is sufficient to study a large number of segregating traits through
the use of markers distributed throughout the genome, given that such traits are
segregating in the population under scrutiny (Tanksley et al. 1982; Soller and Beckmann
1983).

RFLP markers typically display co dominant inheritance, and therefore o larger
amount of genetic information is obtained per locus when compared to dominant
morkérs. Co dominant markers allow the andalysis of Intralocus interactions between
alleles at genetic loci of interest as well as epistatic interactions between alleles at
different loci. RFLP's typically sample genetic variation in coding regions and in a smaller
scale In non-coding reglons of the genome. This is mainly a result of the selection
process of useful low copy probes as described previously. Unlike isozymes, the potential
number of RFLP markers is almost unimited and the polymorphism Information content
per locus Is much larger. This Is because several restriction enzymes can be used which,
combined to a large number of probes (cDNA and genomic clones) can detect several
alleles at a marker locus and several marker loci in a genome. Finally, as any other DNA
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based markers, RFLP's share the advantage of the high stabllity of DNA which can be
extracted from any tissue, at any stage of development and can be stored and reused
over long periods of time.

5.4 Limitations of RFLP markers

Considering that the vast mgjority of experiments in plant breeding Involves the
analysis of hundreds or even thousands of individuals for several tens or hundred of
markers, it is critical that the technique used to assess genotypes be extremely efficient
In the acquisition of data and that it can be automated. In other words, the technique
has to be *breeder-friendly”. RFLP analysis presents an important imitation In this respect
because It involves several steps that are labor intensive and time consuming.

Another limitation exists when a library of useful probes is not immediately
available when a project is started. When this s the case, libraries have to be
constructed and clones screened for probes. Only after this time consuming stage,
which typically takes several months or years of work, will any type of molecular analysis
be possible with RFLP's, Probe libraries are available for several of the main crops such as
maize, tomato, rce, wheat, soybean, bean, potato and brassicas. This Is not yet the
case, however, for minor crops, as well as for the vast majority of forest and fruit trees.

The use of RFLP's requires personnel with skills in recombinant DNA technology
and o more sophisticated lab setup than that necessary for isozyme work. When
phosphorous isotopes are used in the detection process. appropriate facilties have to
be built and approved by federal agencies and safety regulations have to be followed
for the management of radioactive waste. All these aspects taken together make it
difficult, for example, the transfer of this technology directly to breeding stations and its
use by breeders.

6. HYPERVARIABLE MINISATELLITES BASED MARKERS

A large proportion of eukaryotic genomes Is composed of repetitive DNA
sequences. This proportion varies: for example 30% of the DNA in Drosophiia Is repetitive,
while 70% In tobacco (Lewin 1990). Several classes of repeated DNA elements have
been described and characterzed in different species, from mammails fo plants. These
differ in the number and composition of nuclectides and are found clustered or
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dispersed throughout the nuclear genome forming structurally highly variable sttes. From
the standpoint of molecular markers, these repedated sequences offer the possibility 1o
simuttaneously sample a relatively large number of polymorphic genetic loci distributed
throughout the genome.

Hypervariable sequences called VNIR's (Variable Number of Tandem Repeats)
are the most commonly used molecular markers involving repetitive slements. A
hypervariable locus, also called a minisateliite locus, is composed of a variable number
of repeat elements arranged in tandem. These repeats have between 15 and 100 base
pairs and are repeated up to 50 times at each hypervariable locus. These minisatellites
sites are dispersed in the genome. constituting several loct in different chromosomes and
a detectable proportion of the genome which will vary depending on the length of the
elements ond the number of repeat units. Different loci display different number of
repeats and there are different families of minisatelites. The first hypervariable region
was isolated by chance by Wyman and White (1980) from a human genomic library.
The first minisatellite was formally described for the human genome by Jeffreys et al.
(1985a). It was @ 33 base pairs sequence repeated four times, derived from a human
myoglobin intron. Since then, similar sequences have been Identified and cloned from
other organisms including several plant species (Wu and Wu 1987; Zhao ef ol 1989,
Schmidt 1991; Thomas et al. 1993).

The name minisatellite comes from the fact that these repeated sequences form
o satellte peak distinct from the main genomic DNA peak along ¢ cesium chioride
gradient, because they contain a GC content that is different from the average of the
whole genome (Lewin 1990). The names Hypervariable loci, VNIR loci and minisatellites
are used interchangeably in the literature to refer to this class of molecular markers. In
plant breeding. these markers have been used mainly for varietal identification, analysis
of genetic diversity among individuals and patemity studies (Dallas 1988. Nybom and
Halt 1991; Rogstad et al. 1988; Gepts et al. 1992; Broun et al. 1992). The genetic basls of
molecular markers based on VNIR loci is such that its use for mapping and linkage
studies is limited due to difficulties in the genetic intempretation of alleles and loci. In spite
of this limitation, its use has been suggested to monttor introgression in backcross
breeding programs (Hillel et al. 1990).

6.1 Genetic basis and detection of hypervariable loci
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The principles underlying the generation and detection of VNIR based markers
are essentially the same s those used for RFLP's, In fact, technically speaking all VNIR
polymorphisms are by definition RFLP's. In VNTR analysis, in the same manner as in RFLP
analysis, the DNA of individuals is digested with restriction enzymes, size fractionated.
transferred to a membrane and the detection is performed by hybridization with a DNA
probe. When the restriction enzyme cuts in regions adjacent to the hypervariable locus,
the RFLP's produced will vary according to the number of repeat units present in the
minisatelite. This rich source of DNA sequence polymorphism is probably the result of
unequal crossing over or slippage during DNA replication (Jeffreys ef al. 1985q).

The basic difference between RFLP and VNIR based markers resides in the type
of probe used in the polymorphism detection step. In RFLP's, probes homologous o
single copy regions are used, detecting one locus at the time, occasionally more than
one. VNIR's polymorphisms on the other hand are detected with probes which are or
contain core sequences homologous 1o the repeat elements. In this way, all the
hypervariable loci that contain an homologous repeat element are detected
simultaneously. Thus, instead of a simple banding patiem having one band for
homozygotes and two for heterozygotes, a complex banding pattemn is obtained where
alleles and loci cannot be easily discemed, and typically each band is trected as a
separate entity.

An interesting aspect of this technique is that several of the probes used in the
detection of hypervariable loci can be used across an ample spectrum of organisms,
from viruses to plants and mammals. A typical example is the 15 base pairs core
sequence found in the M13 £ coli phage (@ commonly used cloning vector). This
sequence has been widely used to detect hypervariable polymorphisms in humans,
other mammals as well as plants including angiosperms and gymnospemns (Vassart et
al. 1987; Rogstad et al. 1988). In a similar manner a minisateliite identified in the human
genome has been used fro the detection of poiymorphisms in fice and rubber tree
(Hevea brasiliensis) (Dallas 1988; Besse et al 1993). When specific probes need to be
developed. a genomic library s constructed and the screening aims at selecting
moderately repetitive clones, a different objective than the RFLP library screening.
Sequencing and isolation of monomers of these repeats are isolated and used as
probes ( Wu and Wu 1987; Schmidt 1991).

6.2 Advantages and limitations of hypervariable marker loci
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As VNTR based markers are technically equivalent to RFLP's, they share the same
advantages and limitations discussed previously for RFLP based markers. Due to the
basic difference in the probes used in the detection, VNIR based markers not only
explore the fragment length polymorphism at each locus, but take advantage of the
polymorphism in the number and distribution of such loci throughout the genome,
sampling several loci simultaneously in the same assay. This complex banding pattem
produced comesponds to all the alleles at all the hypervariable loci detected by the
probe and displays typically 10 to 40 discemnible bands.

The complexity of such patterns, reflecting the high polymorphism content of
such loci, results in the fact that virtually every individual has a unique banding profile,
reminiscent of a bar code. From this observation the revolutionary concept of genetic
fingemprint was suggested, for which the VNIR technique was the first to be introduced
in humans (Jeffreys et al. 1985b). On the other hand, however, due to the complexity of
the banding patterns observed, it is practically impossible to interpret which bands are
alielic and derive from the same loci and thus determine genotypes to test hypotheses
about Mendelian segregation and linkage relationships. For such reasons, hypervariable
loci are very powerful tools for fingermprinting and patemity studies, however they are of
limited use for genetic mapping and linkage studies.

A modification of the original VNTR technique was proposed by Nakamura ef o,
(1987). This involves the detection of hypervariable loci one at the time using as probes
synthetic oligonuclectides derived from consensus sequences of known VNIR'.
Although more labor intensive, this technique cllows the identification of dlleles and
genotype detemination. Essentially this modification results in a retum to the simple
banding patterns obtained by RFLP, however exploring the high PIC content of
hypervariable loci, i.e. several alleles at a given locus. Aithough interesting, this proposal
is imited to those cases where prior information is availabie about what probe o use.
Furthermore, at least in human genomes it has been shown that hypervariable loci tend
to be clustered in proterminal regions of chromosomes, and thus do not provide an
unbiased coverage of the genome for mapping applications (Royle et ol. 1988).

7. POLYMERASE CHAIN REACTION (PCR)
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The technique of Polymerase Chain Reaction (PCR) was conceived by Kary
Mullis in mid 1980's (Mullis and Faloona 1987; Saiki et al. 1985). Since its introduction, this
technology has revoldtionized the way in which DNA analysis and manipulation has
been carred out in research and diagnostics. Several traditional cloning methods have
been accelerated or even bypassed by PCR. A large number of variations on the PCR
theme have been described in recent years, revedling an Impressive credativity on the
part of molecular biologists. and allowing studies that had been impossible before. The
ease, quickness, versatility and sensitivity of the method makes it particulary powerful
for studies involving the analysis of large numbers of individuals of any living organism,
The PCR technique has ropidly reached widespread use in the most diverse areas of
biology. For recent reviews about PCR refer to White et al. (1989), Amheim et al. (1990)
and Erlich et al. (1991).

7.1 Bosic principles of the Polymerase Chain Reaction

PCR is a powerful technique that involves the enzymatic synthesis tin vitrg™ of
millions of coples of a specific segment of DNA. This reaction is based on the annealing
and enzymatic extension of a pair of short oligonucleotide primers that bracket the
target DNA sequence. These primers are designed in such g way that their nucleotide
sequences are complementary 1o specific sequences that flank the target segment. A
PCR cycle involves three steps: denaturation, annealing and extension. The template
DNA is denatured by raising the temperature to 92-95 ©C. in the annedling step, the
temperature is rapidly reduced to 35 to 60 ©C depending on the length and GC
content of the primers, allowing the hybridization of each primer to their
complementary regions. The temperature is then raised again, this time to 72 ©C, which
Is the optimal tempergture for the thermostable DNA polymerase to catalyze extension
from the 3' end of the primer. This extension involves the addition of nucleotides using
the target sequence as template, resulting in the synthesis of a new copy of the target
sequence in each cycle. The cycle is repeated for 20 to 40 times. The amplification
process follows a geometric progression, as the number of torget sequences doubles at
every cycle. Thus in only 20 cycles, more than one milion times the original amount of
target sequence is produced. This rate of ampiification allows starting the process with
minute amounts of template DNA (on the order of 106 picograms) and end up with
large amounts of DNA of a specific segment of interest.
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Criginally, a DNA polymerase of E. coli was used to catalyze the process. tt had
to be added fresh at every cycle because its activity was lost every time the
temperature was raised to denature the tempiate DNA. A major technological
breakthrough was achieved when Saiki et al. (1988) isclated a themnostable DNA
polymerase from the thermophylic bacteria Themnus acquaticus (Tag polymerase),
adllowing the complete automation of the PCR process. Its optimal extension
temperature is 72 ©C and it can keep its activity for some hours at 95 ©C,

8. RANDOM AMPLIFIED POLYMORPHIC DNA (RAPD) MARKERS

The advent of the PCR method. allowed the production of large amounts of
specific DNA sequences that could be visualzed directly in an electrophoretic gel with
ethidium bromide staining of DNA. More importantly it represented the first step toward
automation of genetic analysis. However as @ source of molecular markers, PCR by itseff
stili presented a serious limitation. The design of primers still required prior sequence
information on flanking regions to the target. For some highly conserved genes,
sequence information could be transferred across species. However in most cases the
development of PCR based markers depended on cloning and sequencing efforts,
thereby limiting its immediate application as a way to obtain large numbers of genetic
markers.

A simple but great innovation was introduced in 1990 with the idea of using short
primers of arbitrary sequence to direct the PCR, eliminating the need of prior sequence
information. This technigque was independently developed by two groups in the U.S.
Williams et ol (1990) at Dupont, named and patented the process using the
captivating name RAPD (Random Amplified Polymorphic DNA), They developed and
demonstrated the use of the technique to obtain large numbers of DNA polymorphisms
that were inherited as genetic markers and could be used for mapping and linkage
studies. Welsh and McClelland (1990} used the technically more comrect name Arbitrarily
Primed PCR, because the primers have arbitrary sequence and the amplification is not
random. They proposed the use of such markers for genomic fingerprinting using higher
resolution polyacrylamide gels. A third group also independently developed the same
ideq, but a delay in the publication process did not grant them the public recognition
for the discovery (P.M. Gresshoff, personal communication). The name DAF (DNA




85

Amplification Fingemprinting) for the detection of AFLP (Amplification Fragment Length
Polymormhisms) was then proposed for the method (Caetano-Anndles et al. 19910).

irespective of the acronym used and the slight variations in the methods, all the
applications proposed were of great relevance in the study and practice of plant
genetics and breeding. A new perspective was opened for the genotypic analysis of
individuals and populations. Since its descrption, the use of RAPD markers in plant
genetics and breeding has seen q rapid and extensive diffusion. Some of the
applications have Included: clonal and varetal fingemrinting, analysls of genetic
diversity in natural populations, construction of genetic maps and localization of
important genes (for recent reviews see Hedrick 1992; Rafalski et al. 1991; Caetano-
Anndles et af. 1991b; Wiliams et al. 1992; Tingey and Beltufo 1992).

8.1 Genetic basis of RAPD markers

RAPD amplification is basically a varigtion of the PCR protocol, with two
distinctive characteristics: (1) it uses one primer only instead of a pair of primers; (2) this
primer is typically short (10 to 17 bases) and has arbitrary sequence, such that its target
region is anonymous. When two sites complementary to the primer sequence are
adjacent (< 4000 base pairs) and in an inverted orientation (fechnically a pair of short
inverted repeats), the amplification between these sites takes place foliowing the same
procedure asin a standard PCR. As a result of the large quantity of DNA produced, the
amplified fragment can be directly visualzed as a band on an agarose gel by ethidium
bromide staining. Aftematively high resolution polyacrylamide gels, coupled to Isotope
incorporation during PCR and autcoradiography or silver staining can be used to
increase the sensitivity of the method. Typically each primer directs the synthesis of
several DNA fragments simultaneously in different regions of the genome, so that several
bands of different szes are observed on the gel, whose size depends on the distance
between the pair of priming sites. Welsh and McClelland (1991) suggested the use of
multiplexing pairs of arbitrary primers to increase the number of detectable
polymorphisms.

The probability with which a RAPD site occurs in a genome of a certain size can
be estimated, such that a linear relationship is expected between the sequence
complexity of the genome and the number of bands observed. Experimental data
have shown. however, that the number of bands Is relatively independent from the
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genome complexity. In other words, the number of amplified bands from a simpler
genome such as bacteriq, is similar to that amplified from more complex genomes such
as soybean (Wiliams ef al. 1990). These results indicate that the final products of the
RAPD reaction depend more on the competition between different RAPD sites than on
the number of sites, and imply that not all the fragments amplified are the result of @
perfect match between the primer and the template DNA. A more specific
complementarity at the 3' end of the primer, where the extension begins. seems to be
more critical than the pairng at the 5 end (Wiliams et al. 1990).

The molecular nature of RAPD polymorphisms is not entirely known. However,
experimental evidences indicate that single base pair differences are sufficient to cause
a primer template mismatch, preventing amplification (Williams ef al. 1990). Other
sources of polymorphisms may include priming sites deletions. or insertions that change
the distance bewteen the priming sites. The genelic polymorphism detected by the
RAPD assay is binary in nature, i.e. a fragment is amplified (presence of a band on the
geb or not (absence of the band).

RAPD markers usually behave as dominant genetic markers. Dominance in this
case does not refer 10 the classical meaning in terms of intralocus interaction between
alleles, rather purely from the standpoint of relationship between genotype and
phenotype. When a RAPD band is observed on the gel. it is not possible to distinguish
whether that fragment is derived from the amplification from one or two allelic dosoges.
That is, in a diploid homozygous individual (AA) for a RAPD locus, amplification is caried
out from two copies of the RAPD allele (A). In a heterozygous individual (Aqg) for the
same locus, the dllele (A) is amplified and the dllele (@) is not. The RAPD fragment
detection does not have enough guantitative sensitivity to discriminate between these
two cases, and @ band of identical intensity will be observed on the gel in both cases.
So, while the homozygous recessive genotyoe (aa) is identified as the absence of the
band (null genotype), the homozygous and heterozygous genctypes have the same
molecular phenotype, .e. the presence of a band. This behavior is equivalent to that of
a morphological dominant marker. The RAPD assay detects only one dllele at each
locus. The absence of the band corresponds to all the other genotypes represented by
undetectable dlleles at that locus that cannot be amplified. These are all pooled into
the same class (null genotype). When haploid tissue is available for the genetic assay,
this general problem is circumvented because haplotypes can be determined directly,
such as the case of haploid megagametophytes in conifers (see chapter ).
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8.2 Advantages of RAPD markers

The basic technological difference between the RFLP and RAPD assays is that
while RFLP is based on DNA hybridization, RAPD is based on DNA amplification. This
difference results in a number of practical advantages that can be summarzed In two
attributes: simplicity and speed. Data acquisition Is several order of magnitude faster.
For example RAPD was four to six times more technically efficient that RFLP's when
mapping polymorphisms linked to disease resistance, and 10 times more efficlent in
terms of time and labor (Paran et al. 1991). This is basically the result of the detection
procedure which is done directly by visuglzing the bands on the gel, eliminating all the
steps involving Sothern blotting, probe preparation and autoradiography.

The RAPD technigue does not require the prior development of a library of
probes for the organism of interest. The same set of oligonuclectide primers can be used
for any organism. Because it is not based on DNA hybridization, it does not require the
handling of any type of radioactive isotope. Another important advontage is the
minimal amounts of DNA that are necessary for the genotypic analysis of an individual.
For each RFLP data point, microgram quantities of DNA are needed. RAPD requires only
nanogram amounts of DNA, i.e. three orders of magnitude less. This substantially
faciltates and accelerates DNA extraction procedures. These properties allowed for
example the construction of a linkage map with 200 markers for Pinus taeda in 6
person/month (Grattapaglia et al. 1991) and Arabidopsis thaliana in 4 person/month
(Reiter et al. 1992).

As for RFLP based markers, the RAPD assay allows the generation of a large
number of polymorphic DNA markers distibuted throughout the genome. RAPD
markers, however, offer the possibility to sample genomic regions containing repetitive
DNA, because the primers used are arbitrary in sequence while RFLP probes are pre-
selected for low copy regions. RAPD has shown to be more sensitive in the detection of
DNA polymorphisms than RFLP. For example Foolad et al. (1993) verified that only 16%
of the RFLP probes tested revealed polymorphisms at the intraspecific level in tomato,
while 63% of the RAPD primers tested detected at least one polymomphism. Similar results
have been observed in soybean (S.V. Tingey. personal communication). The sensitivity In
polymorphism detection has also been shown to be very powerful for the establishment
of genetic fingerprints (Welsh and McClelland 1990). RAPD qlso offers an aiternative to
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cloning of random genomic fragments which is extremely fast and does not require
vectors and host manipulations. The RAPD fragments can be isolated directly from the
gel. maintained in the form of a genomic library “in vitro® and reamplified whenever
necessary by PCR with the origina! arbitrary primers. These fragments can be used for
example as RFLP or VNTR probes depending on thelr intemal sequence content in temns
of copy number.

The cost of the RAPD technique is lower than RFLP in terms of cost per data
point. If one includes the cost of probe fibrary development, the cost for RAPD would be
much lower. This difference in cost resutts mainly from the difference in lobor costs and
to a lesser extent to differences in reagents and supplies needed. However It s
important to point out that substantially fewer reagents are necessary to conduct RAPD
analysis thon RFLP and isozymes. This is certainly an advantage for the utilization of this
technology in developing countries like Brazil, where reagent supply is imited.

RAPD associates the technical simplicity of direct visualization of marker data of
isozymes, with the numbers and resolution power of DNA based markers. The use of
RAPD markers does not require experience in molecular biology. nor high tech facilities.
It is a very accessible technology that can be immediately transferred to breeding
stations. In the context of the typical breeding experiments involving hundreds or
thousands of individuals, RAPD is the best technology there is today to efficiently carry
out detailed genetic analysis for a large number of markers. # also offers a more
realistic chance of automating this analysis. The binary nature of the RAPD
polymorphism, if on one hand implies in a lower information content per locus (since
heterozygotes cannot be distinguished). on the other hand it is more appropriate for the
framework of a digital electronic data acquisition system.

8.3 Limitations of RAPD markers

The main limiting feature of RAPD markers Is their low genetic information content
per locus, since only one dllele is amplified, while all other clieles are detected as nulls.
This limitation is commonly freated as dominant behavior of RAPD markers as described
previously. Another potential lmitation seen by some is the lack of prior genetic
information on the genetic basis of a RAPD band. in other words a RAPD band can only
be regarded as a genetic marker after its segregation has been confimed from parents
to progeny. This prerequisite, however, atthough Is not exclusive 1o RAPD polymorphisms,
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it seems to be more relevant in view of the large number of bands observed on a RAPD
band profile.

The high levels of sequence polymorphisms detected with RAPD markers is
generally regarded as a definite advantage. However it may also result in a limitation,
which has to do with the ability to use the same genetic markers across divergent
individuals within the species. Although the same set of primers can be used, this does
not mean that the same fragments comesponding to the same loci will always be
amplified. Technically speaking. a single primer samples only 20 base pairs of DNA
sequence at the ends of what is defined as a marker locus. The sensitlvity of the PCR is
such that almost any single base palr difference, or change in the relative positions of
the priming sites results in the inability of detecting the locus. S0 at the population level,
new RAPD marker loci appear and some are not detected in different individuals, and
this becomes more pronounced as the genetic distance between the individuals
analyzed increases, as a reflection of the evolutionary process itseff. In the RFLP this
occurence is rarer. Polymorphisms ¢t an RFLP locus are typically lost or found across
individuals, ond different alleles can be detected. However, as the probes cover several
hundred base pairs of DNA sequence and the hybridization process is less sensitive to
single point mutations outside the restriction sites, RFLP loci tend to be more conserved,
sometimes even across related species.

As with any other type of marker, RAPD's are not an exception in that some of
the bands observed on the gel are eqsily and unambiguously interpreted, while others
are less interpretable or repeatable. Ambiguity in the Interpretation may result from: (1)
low discriminatory power between distinct sites of ¢ specific primer as q result of s
nucleotide sequence; (2) competition between distinct amplification sites for substrate
and enzyme, such that the occumence of particular sites interfere or out compete the
amplfication of others, in @ process equivalent to an epistatic interaction between
marker loci; (3) problems related to the standardization of amplification conditions.
Laberatory to laboratory variation, as a result of differences in thermal profiles of
different PCR cyclers has been observed (Penner et al. 1993; Wang ef al. 1993). it has
also been suggested that RAPD markers should be used with caution for phylogenetic
analysis, fingerprinting and patemity detemmination, because competition between
different fragment may lead to ambiguous results (Heun and Helentjaris 1993; Thormann
and Osbom 1992; Thormann et al. 1993; Riedy et al. 1992). Due to the sensitivity of the
PCR protocol. the optimization and standardization of reaction components and
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amplification conditions represent an imporiant step in the application of the RAPD
technology.

The RAPD procedure s intensive in gel electrophoresis. For some applications s
could be more practical 1o prepare a single membrane and hybridize it with different
probes than to prepare new RAPD reactions and gels every time. From the cost
perspective, RAPD markers cost more than isozymes and less than RFLP's, however it s
stil an expensive technique. The reaction component responsible for 80% of the total
cost of a data point is the Tag DNA polymerase. Hts use is regulated by a patent that
covers the Polymerase Chain reaction. its production cost is about four orders of
magnitude lower than the market price of the enzyme. The general expectation is that
this price will fall substantially in the next years, or that special licensing agreements
could be granted for its production for research purposes in academics. With
developments in this direction, the cost of RAPD markers will become significantly lower
than any other type of existing genetic marker.

9. SPECIFIC PCR-BASED GENETIC MARKERS

The recent development of large sequencing projects of complex eukaryotic
genomes has resulted in a formidable technological progress in the ability to rapldly
decode DNA sequence. The main advances have been: (1) automation of the
traditional sequencing process; (2) the use of PCR as a more efficient method for
cloning and production of large amounts of DNA necessary for sequencing: (3) the
infroduction of seguencing detection systems based of fiuorescent labels. The
accumulation of sequence information on specific genes (e.g. Taikawa et al. 1985) and
complete crganellar genomes in several crops (e.g. Hiratsuka ef al. 1989) offers now the
possibility 10 use specific PCR methodologies as a tool to generate large numbers of
molecutar markers.

The ease with which DNA sequence can now be determined, has led to the
option of converting RFLP based markers into PCR based ones. This s done by
sequencing the extremities of the RFLP probes (cDNA or genomic clones), and
designing pairs of specific primers to these ends 5o as to recover potentially polymorphic
fragments. Besides the conversion to PCR based markers, such an approach generates
a large amount of sequence information about genes when the probes sequenced
were derved from cDNA libraries (Adams et al. 1991). This procedure has been adopted
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in some plant species where large number of cDNA probes had previously been
mapped. like in maize (T. Helentjaris, personal communication) and rice (Williams et al.
1991). The conversion of RFLP markers Into PCR based markers has also been used In
green pepper for the determination of hybrid purity (Livneh et al. 1992). Markers
obtained in this manner have been called Sequence Tagged Sites (STS) or Expressed
Sequence Tags (EST) when the sequenced probes were cDNA's. The approach and
names have been proposed initially by Olson et al. (1989) with the objective of unifying
the language used among laboratories involved in physical mapping of the human
genome. Today these markers constitute an important tool for fingerprinting YAC (Yeast
Artificial Chromosomes) clones.

A varigtion of the STS markers called Al-PCR has been used for the identification
of molecular markers specifically in the human genome. Pairs of specific primers have
been constructed based on conserved sequences of the 300 base pair Alu repeat
element which is highly dispersed throughout the human genome. DNA amplification
occurs between adjacent Alu repeats (Cole ef al, 1991).

More recently, STS markers have been developed for mapping specific regions
of plant genomes (Weining and Langridge 1991; Tragoonrung ef af. 1992; Landry et al.
1992). Repeat elements similar to the Alu family in humans have also been identified in
plants. For example in rye, specific primers were designed for the amplification of a
highly polymorphic family of repeat elements (15,000 copies/genome) dispersed in the
genome (Rogowsky et al. 1992).

Another variation of STS markers was proposed by Wu et al. (1989) with the
development of dllele specific PCR based markers (AS-PCR). The idea of assaying for
specific alleles of known genes had previously been proposed using oligonuclectide
probes (ASO - Allele Specific Oligonucleotide) for the detection of mutant alleles in the
diagnosis of antitrypsin deficiency (Kidd et al. 1984). In plants, the development of AS-
PCR based markers has not received much attention, probably because there are very
few genes where such a strategy would be justified. However, a AS-PCR assay for the
detection of specific alleles at a locus that encodes for an enzyme involved In
anthocyanin biosynthesis has recently been developed in maize (B. Burr, personal
communication).

A type of marker conversion that has received an increasing amount of
attention lately has been that from RAPD markers to specific PCR based markers. This
class of markers, although it is merely a variation of the STS theme, was named SCAR for
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Sequence Characterzed Amplified Region (Paran and Michelmore 1993). SCAR ks @
genomic DNA fragment from a genetically defined locus that is identified by PCR
amplification using a specific pair of cligonucleotide primers. Although STS and SCAR
markers follow the same principles, SCAR's can contain repetitive DNA sequences within
the amplified region. Their uniqueness is determined by the sequence and spacing of
the primer sequences (Paran and Michelmore 1993).

A common characterlstic o STS and STS-llke markers is the typically low level of
genetic polymorphism encountered at the amplified ioci. The amplified frogment length
polymorphism detected is unacceptably low, considering the effort necessary to
construct such markers. This represents a maqjor limitation for a more general
gpplicabiity In piant genetics and breeding. The source of sequence polymorphisms
obtained in the RFLP assay is largely due to sequence variation outside the region to
which the probe hybridizes. Thus, by designing primers to amplify sequences covered by
the probe, the same polymorphisms are not recovered. The only source of useful
polymorphisrm would be due to insertions or deletions within the size range supported by
PCR. Furthermore, when STS are developed from ¢cDNA probes, there are no intrinsic
expectations of such types of genetic polymomhism in transcribed regions as they tend
to be evolutionarily more conserved. Differential intron sze and placement would be a
potential source of polymomhism, however with the same restrictions in terms of sze
range that can be efficiently amplified by PCR. Genomic clone derived STS markers
could potentially be more polymomphic, as non-transcribed regions could also be
included.

The conversion of RAPD into SCAR's suffered from the same lack of polymorphism
(Paran and Michelmore 1993). From the nine RAPD fragments that were cloned,
sequenced and converted into specific PCR-based markers only two resutted in markers
with detectable fragment length alielic variation. For one of them, polymorphism could
be recovered when the PCR product was cut by a restriction enzyme. Five of the SCAR's
continued to behave as dominant RAPD markers where the polymorphism was of the
presence/absence type, and for one SCAR marker, the primer pair designed could not
amplify the intended region. The success in converting a RAPD to o strictly PCR-based
co dominant assay was therefore very limited, on the order of 20%.

10. SIMPLE SEQUENCE REPEAT (SSR) OR MICROSATELLITE BASED MARKERS
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Since the mid 1980's it had been demonstrated that eukaryctic genomes are
highly populated with different classes of repeated sequences, some more complex
(see minisatelites) and some more simple (Hamada et al. 1982; Tautz and Rentz 1984).
Simple Sequence Repeats (SSR) later also called microsatelfites (Uit and Luty 1989
consist of mono to tetranuclectide sequence motifs that are tandemly repeated and
display high levels of genetic polymorphism resutting from the varigtion In the number of
repeat units. In eukaryotic genomes, SSR sites are more frequent and well dispersed in
the genome than minisateliites sttes. When these highly polymorphic sttes are amplified
by PCR they generate the most polymorphic class of genetlc markers avallable today
called Sequence Tagged Microsatellite Sites (STMS) (Beckmann and Soller 1990).

Microsatellites have been observed in several organisms including humans (Litt
and Luty 1989), whales, Drosophita (Tautz 1989), mice (Love et al. 1990). rat (Serkawa ef
al. 1992), cattle and sheep (Moore et al. 1991). In plants their existence had previously
been suggested with the observation oligonuclectides containing simple repeats such
as 716G and GATA/GACA detected high levels of polymorphism when used as RFLP
probes (Weising ef al. 1989; Beyermann et al. 1992). The most ubiquitous repeat units in
mammals are extensions of CA and TG dinucleotides (Hamada et al. 1982). In plants, o
database search of published sequences revealed that microsatellite sites are widely
distributed with an estimated average frequency of one every 50,000 base pairs. Their
presence has been detected in 34 plant species. and the most common repeat unit
was the dinuclectide AT (Morgante and Qlivied 1993). The first report clearly
documenting the presence of SSR in plants was that by Condit and Hubbell (1991)
which included five tropical tree species besides maize. Microsatellite based markers are
currently being developed for mapping applications for several major crops including
soybean and rice (Akkaya ef al. 1992. Zhao and Kochert 1993; M. Morgante, personal

communication).
10.1 Genetic basis of microsctellite bases markers

Regions containing Simple Sequence Repeats are amplified individually by PCR,
using @ pair of specific primers (20 to 30 bases) designed based on unique flanking
sequences to the microsatelite site. Fragments amplified from such sites almost
invariably display extensive length polymorphism resulting from the presence of different
numbers of simple repeat elements, Thus, each microsatellite iskand, independently of
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the repeat element (CA, TG, AT, ATG etc.), constitutes a highly polymorphic muttialleleic
genetic locus with high Polymormhism Information Content. Each amplified fragment
(typically from several tens to hundreds of base pairs) represents a different allele at the
microsatellite locus defined by the specific primer pair. The average heterozygosity at
microsatellite loci is generally above 0.7. In humans, for example, 72% of the SSR markers
developed for genetic mapping showed three or more dlleles (Weissenbach et al.
1992).

The detection of the PCR amplified fragments is done by electrophoresis in
polyacrylamide or high resolution agarocse gels. Depending on the length of the
microsatelite sequence motif, resolution of a single base pair may be necessary. Band
visualization on the gel can be done directly by ethidium bromide staining or by
autoradiography when radioactive labeled nucleotides are used as substrate for the
PCR reaction.

Each microsatelite site is analyzed individuglly by using the pair of primers
specifically designed for its amplification. Occasionally the same pair of primers amplifies
more than one locus. More than one locus can be analyzed simultaneously when the
expected fragments sizes for each locus are sufficiently different so os to migrate to
different zones of the gel. In this procedure, called multiplexing, more than one pair of
specific primers is used simultaneously in the same PCR reaction. SSR loci seem to be
sufficiently somatically stable to allow tracking them in subsequent generations. They
behave as co dominant markers and are highly multialielic ot the populdation level
where potentially all the alleles at each locus can be detected and discriminated.

10.2 Advantages of microsdatellite based markers

Due to their co dominant expression, their intrinsic nature of polymorphism and
detectable muttiallelism, microsateliite based markers are the class of matrkers displaying
the highest Polymorphism Information Content (PIC). Essentially any segregating
population can be used as reference populdation for linkage studies. The choice of
mapping population does not have to be made as to maximize genetic distance, le.
sequence polymorphism, Rather, this choice can be made from the informativeness of
the cross in terms of the biological or economical traits of interest.

STMS are highly frequent both In expressed and repetitive genomic regions
allowing the most complete coverage of any eukaryotic genome. At leqst in mammais,
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the observation that STMS show sequence conservation across diverse species, might
suggest the use of heterologous primers (Moore et al. 1991). Besides these atftractive
genetic properties, the polymorphic fragments are sufficiently short to be detected by
PCR. The practical advantages of PCR-based markers discussed previously, are
therefore shared by STMS. Alf these attributes make STMS ideal markers for physical and
genetic mapping. genctype identification and population genetic studies.

The overali relevance, resource level and number of laboratories involved in the
human genome project has led to the development of several thousands STMS markers
in recent years and the construction of the first STMS based linkage maps (Weissenbach
et al 1992; NH/CEPH Collaborative Mapping Group 1992). Microsatellite markers
represented a very important step in the human genome project because they
resolved a mgjor problem associated with the low levels of genetic polymorphism of the
RFLP markers used previously (Goodfellow 1992). Similar mQps. however less extensive
have recently been reported for mice (Dietrich et ol 1992), rat (Serkawa et ol 1992),
and are in development for other domestic animals including cattle, swine and sheep
(Steffen et al. 1993; Coppieters et al. 1993; Moore et al. 1991). In soybean several groups
are developing marker maps based on STMS. This interest stems both from the high
value of this crop and the very low level of genetic polymorphismn detected at the DNA
level. The low polymorphism reflects the namow genetic basis of the cultivated
germplasm and has made the construction of genetic maps ¢ tedious endeavor with
RFLP's (Keim et al. 1989) and even RAPD (S.V. Tingey, personal communication).

10.3 limitations of microscatellite based markers

The major limitation of this technology today is certainly the large amount of
work necessary to develop these markers. Briefly, the procedure to obtain STMS markers
involves the following steps. A genomic library of small fragments derived from digestion
with frequent cutting restriction enzymes Is constructed for the organism of interest. The
genomic clones are screened for the presence of microsateliite sttes using synthetic
oligonucleotide probes complementary to the target repeat elements. For example
poly-GT for mammals where CA repeats are more common or poly-AT for plants where
AT repeats are typically ubiquitous. The posttive clones are sequenced and specific
primer pairs are constructed for unique sequences carefully selected flanking the
microsatellite site (specific computer software exists to facilitate this step). During the
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development of STMS markers for the human genome, from a total of 12014
sequenced clones, only 2995 were selected for the construction of STMS (Weissenbach
et al. 1992). The majority of the discarded clones generally contain too few repeat units
(only clones with more than 10 repeats are typically useful) or the position of the
microsatellite is at the ends of the clone thus impeding the design of flanking primers.
With a selection factor of one for every six clones, a large amount of cloning and
sequencing work is necessary for the development of each marker. To reduce the
amount of work, short cuts can be used. For example, instead of sequencing all four
bases. only one lane ocoresponding to one of the bases contained in the repeat is
sequenced. This partial sequence information Is sufficient to discard clones based on
the number of repeat units and thelr position (M. Morgante, personal communication).

The large amount of work involving speciclized personnel, sophisticated
sequencing facilities and the costs associated with such an enterprise represent the
major barriers that exist today for a more widespread application of this technology In
plant genetics and breeding. Furthermore, with the exception of species with reduced
levels of diversity such as soybean, for the great majority of plants, especially those of
allogamous habit, the high levels of genetic polymorphism detectable with more
accessible technologies does not justify the magnitude of investment necessary for the
development of STMS based markers. However, as the technigues necessary In this
process become simpler, automatable and ecconomically more accessible, this
technology will certainly be used for a growing number of species, untit better
technologies emerge.

11. OTHER TECHNOLOGIES FOR THE DETECTION OF DNA SEQUENCE POLYMORPHISMS

Besides the established technologies discussed so far, it is appropriate to briefly
describe some existing and emerging technologies that are extremely sensitive in the
detection of DNA polymorphisms. Although they have been developed with objectives
other than the generation of large numbers of molecular markers, they represent new
concepts in the detection of variation at the DNA sequence level. For example the first
two methods described (Ligase Chain Reaction and Single Stranded Conformation
Polymorphism) were originally developed for the detection of single base pair mutations
in known genes. Such a diagnostic approach could become extremely useful as useful
genes of breeding interest such as disease resistance genes become available and
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acquisition of sequence information becomes faster. The other two methods discussed
join the power of restriction enzymes and PCR to detect sequence polymorphisms. All
the concepts presented will likely lead to the development of entirely different classes of
molecular markers in the decades to come.

11.1 ligase medicated reaction

The ligase-mediated method was originally proposed by Landegren ef al. (1988)
as a way 1o detect single base pair mutations in known genes. This method explolts the
fact that the ends of two single strands of DNA must be exactly aligned for a DNA ligase
to join them. If the terminal nucleotides of efther end are not property base-paired to
the complementary strand, then the ligase cannot join them. In the original experiment,
this method was used to detect a known single base pair mutation in the beta-globin
gene that causes sickle-cell anemia. Oligonucieotides complementary to the normal
sequence and mutant sequence, §' to and including the mutation site were synthesized
and end labeled with bictin. A third oligonucleotide complementary to the rest of the
sequence, common both to the normal and mutant genes was also syntheszed and
end labeled with radioactivity. The oligonuclectides were hybridized to dengtured
strands of normal and sickle-cell DNA. Only when hybridized to the normal gene, the §
and 3' oligonuciectides formed a flush junction that could be joined by the added DNA
ligase. The single base pair mismatch between the nomal §' oligonuclectide and the
mutation site was sufficient to prevent the ligase from joining the oligonuciectides. After
denaturation, the reaction mixtures were run on a steptavidin column; radioactivity was
only retained on the column If the §' blotinylated cligonucleotide had been joined to
the 3' radicactively iabeled common oligonuclectide.

11.2 Single Stranded Conformational Polymorphism (SSCP)

Opposite to the ligase mediated method that relies on prior sequence
information for the detection of point mutations, the SSCP technique was conceived
with the objective of detecting previously unknown mutations (Orita et of. 1989; Hayashi
1991). In this context, this method is particularly interesting and has been applied to the
generation of anonymous polymorphic molecular markers in specific genomic regions,
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particularty to enhance the level of detectable polymorphisms in previously non
polymorphic segments.

In the SSCP technique, DNA fragments that differ in sequence are denatured
into single strands. When subject 1o rapid cooling. some single strands base pair with the
original complementary strands, while the majority self anneals by hydrogen bonds,
resulting in particular molecular conformations that are specific depending on the
sequence composition. This single stranded DNA is then skze fractionated by
polyacrylamide gel electrophoresis. The rate of migration in the gel depends on the
specific confomation of the DNA molecule, which in tum depends on the DNA
sequence. The method is very sensitive and can easily detect point mutations by the
difference in rate of migration of different 'frogments. This method was orginally
developed with fragments produced by restriction enzymes, but recently has been
optimized with PCR amplified fragments. The main advantage of this method is the high
sensitivity to DNA polymorphisms. In rice, for example, SSCP's have been detected In
RFLP derived STS markers. Amplified STS that did not display polymorphisms, showed SSC
Polymorphisms due to a single base pair difference that both RFLP and PCR technigques
could not detect (Miyao et al. 1993).

11.3 Representational Difference Analysis (RDA)

RDA has been recently described by Lisitsyn et al. (1993) as a technique that
combines the power of restriction enzymes, PCR and subtractive hybridization to find
small differences between the sequences of two DNA populations. In the context of
molecular markers, the use of this technique has been suggested for the directed
isolation of RFLP probes or PCR based markers that are polymorphic between two lines
or individuals to be used in a mapping experiment. However, the most exciting
application envisaged is the actual cloning of genes involved In monogenetic traits,
such as disease resistance, dwarfism etc., or somdatic mutations. This should be possible
when two isogenic lines differ only by the presence of the gene that confers the
phenotypic difference. or somatic normat and mutant sectors are available. The Iatter
application could be potentially interesting in fruit species where somatic mutations
have been a rich source of useful traits.

The method consists in the selective enrchment of target DNA through
successive cycles of hybridization (subtractive enrichment) and amplification (kinetic
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enrichment). The genome that contains the target DNA is called tester, while the
genome that does not contain the target is called driver. Inttially, the complexity of the
two genomes is reduced with the objective of increasing the relative concentration of
target DNA. To achieve this, representative portions of each genome (‘representations”)
are prepared by cleaving the DNA with relatively infrequent cutting restriction enzymes.
To the fragments generated, oligonuciectide adapters containing priming sites were
ligated. and PCR amplification was performed. Only around 10% of the genome s
effectively amplified and represented. This procedure k repeated with different
restriction enzymes, such that different fragment representations (also called amplicons)
are generated covering the whole genome. Once the amplicons of the tester and
driver genomes are produced the adapters are removed and new adapters are
ligated only to the tester DNA.

The representations are then used in a subsequent denaturation, subtractive
hybridization and PCR amplification step. In this step, the amplified fragments from the
driver genome are hybiidized in large molar excess 10 the tester genome containing the
target. The hybridization is camed out until @ point when a small percentage of the
target DNA suffers reassocication, however a large percentage of the DNA in common
between the two genomes also reassociates as a resuft of the molar excess of the driver
genome. PCR is then carried out with primers that are specific to sequences on the
adapters present only on the tester genome. Exponential amplification will only take
place in the reassociated fragments where both DNA strands are derived from the
tester DNA. All the other fragments will be amplified in a linear fashion or will not be
amplified. Thus, the drver genome functions as o competitive inhibitor for the
reassociation of the fraction of the genome common 1o tester and driver. As a resutt,
the amount of target DNA is enriched in relation 10 the rest of the tester genome. This
cycle can be repeated a few times for further enrichment. if a 50 times molar excess of
driver in relation to tester is used in the subtractive hybridization, after two cycles of RDA,
the enrichment Is on the order of 10° and at the end of three cycles, more than 1010
(Lisitsyn et al. 1993). The population of discrete fragments obtained at the end of this
process represents the differences between the two genomes. These PCR fragments
can be readily isolated and cloned from the agarose gel. These clones can be used as
polymorphic probes between the two individuals or will contain the gene of interest. The
combined used of isogenic lines and RDA should offer a rapid way of cioning genes
involved in disease and pest resistance. This approach has been initiated by several
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groups working with crops where such lines are available (R. Sederoff, personal

communication).
11.4 Amplified Fragment Length Polymorphism (AFLP)

This technology represents the more recently developed procedure for
obtaining large numbers of molecular markers. ## combines the specificity and power of
restriction enzyme digestion with the speed of detection offered by PCR amplification.
This approach is remarkably similar to the first step of the Representational Difference
Analysis (RDA)Y when amplicons are prepared. However, its development was camied
out independently and began prior to the publication of the RDA method (R. Sederoff,
personal communication).

The procedure is basically analogous to the amplicon preparation in RDA, in
that total genomic DNA is cleaved to completion with relatively infrequent cutting
restriction endonucleases. Specific oligonucleotide adapters are then ligated with DNA
ligase, and PCR carried out toward the inside of the restriction fragments using primers
specific to sequences on the oligonuclectide adapters. As pointed out in the work by
Lisitsyn ef al. (1993} when developing RDA, this step works lke a sze fractionation since
after 20 rounds of PCR, only low molecular sze fragments, below 1000 base pairs are
effectively amplified. Although this step substantially reduces the total number of
fragments that are amplified, there would still be too many fragments to allow resolution
by gel separation. To resclve this problem, a creative stratagem is used which uniquely
characterizes the AFLP technique. The oligonucleotide primers used to direct PCR are
designed to be two or three bases longer at their 3 end than the oligonucleoctide
adapters, so that they actually have to base pair with two or three additional bases on
the restriction fragments. These extra bases provide an additional selective force on the
potentially amplifiable fragments so that only those fragments whose terminal bases are
complementary to the extra bases on the primers are eventually amplified. This final
population of amplified fragments is run on @ high resolution polyacrylamide gel. and
the fragments detected by autoradiography as one of the nucleotides used as PCR
substrate contained radioactive label. The resutt Is a large number (> 100) of discrete
fragments that may differ in even a few base pairs, and are also visually reminiscent of
a bar code. Different markers can be obtained using different combingtions of extra
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bases at the 3' end of the primers, or aitematively different restriction enzymes or
combinations of them.

The source of polymorphisms in this technique derives from restriction site
differences between individuals that result in the production of fragments of different
lengths which in turn are selectively amplified based on their sze and terminal sequence
composition. The name Amplified Fragment Length Polymorphism originated from this
combined approach. AFLP markers offer a relatively rapid way of generating and
analyzing large numbers of genetic marker loci on a single gel. They are relatively labor
intensive in that several steps are required for the preparation of the amplicons.
However this is compensated by the large number of markers that are obtained,
substantially diluting the labor and cost per data point. AFLP markers behave as RAPD
markers in terms of genetic interpretation, i.e. are dominant. Allelic fragments derived
form the same genetic locus cannot be distinguished, and therefore each fragment on
a gel is scored as a separate entity.

The main advantage of this technology is certainly the large number of
polymorphic markers that can potentially be obtained and scored on a single gel. it
has been suggested that AFLP markers are very efficient when a few samples are to be
analyzed with a farge number of markers, such as in Bulk Segregant Anclysis for disease
resistance (see chapter ), but s efficiency is low when genome scans with a few
markers for several hundred individuals is the objective, as usually the case in the first
step of QIL mapping experiments. A combined genome scan using RAPD markers and
a subsequent focusing on particular regions using AFLP markers could be a potential
strategy for QTL mapping. Aftematively, AFLP's could be used to quickly genercate
linkage maps, and determining regions of QIL interest. In o subsequent step, Bulk
Segregant Analysis on AFLP genotypes could be used to screen for RAPD markers in the
region, that could then be more eacsily assayed in large populations. The AFLP
technology has not yet been published. It has been disclosed at meetings and it is
subject of a patent filed by the Dutch company Keygene (M. Zabeau, Plant Genome |l
1994).

12. CONCLUSION AND NEW PERSPECTIVES

Three important events marked the evolution of the technology of molecular
markers for genetics and breeding studies in the last 30 years: (1) the introduction of
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isozyme electrophoresis in the 60's; (2) the isolation of restriction enzymes and the
analysis of RFLP's in the 70's and (3) the discovery of the Polymerase Chain Reaction
(PCR) in the 80s. In recent years, revolutionary methods of cloning and genomic
analysis (Burke et ol. 1987; Eckert 1990) have led to the construction of physical maps of
chromosomes such as the Y chromosome in humans (Foote et al. 1992) and of the six
smaller chromosomes of yeast (Riles et al. 1993). Parallel to this burst in credtivity on the
part of molecular biclogists, major technological progress In englneering of molecular
detection and automation of DNA sequence analysis allows today the processing of
large numbers of samples and the rapid acquisition of DNA sequence information.

This decade has been and wil be increasingly more characterzed by
formidable advances in the ability to detect genetic varability at the DNA sequence
level. From the standpoint of information on genetic varability, the uttimate molecular
diagnostic will not be based on any type of molecular marker, but rather on the
complete DNA sequence at any locus of interest. With this concept in mind, a great
part of the development observed in this areq is derived from the progress in the Human
Genome Project. The use of molecular analysis in plant genetics and breeding has
certainly benefited from this progress and will continue to do so. However it is important
1o realize that the level of funding typically avallable in any genetic mapping effort with
plant species is several orders of magnitude smaller than that devoted to the human
genome project. An economically more accessible and technologically more “breeder
friendly” genetic analysis is critical for the effective integration of this technology in plant
breeding. Furthemmore, the specific needs of a diagnostic system based on DNA
polymorphisms substantially varies with the level of genetic diversity inherent to each
plant species. its reproductive habits and the strategies used in its breeding and
recombingtion. The choice for one or other techniques has to be guided by the
guestion or challenge that is posed, on a case by case basis, taking into account the
advantages and limitations of each class of molecutar marker available without any
regard to the fact that this or that technique is more elegant or fashionable at the time.




Tabie 1. Comparative analysis of the main types of molecular markers used in plant genetics and breeding.

Characteristic ISOZYMES RFLP RAPD MICROSATELLITES
Molecular basls of the Expressed proteins Restriction fragment Arbltrarily amplified Varlable number of
ecbserved polymorphism length polymorphism  fragment seguence repeats

Genelic expression
Number of alleles/locus
Avdilabllity of marker locl
bistribution in the genome

Transfer and presence of
markers across Individuals

Steps for marker detection

Prior Infomation and/or
development necessary

Co dominant
Generally 2 alleles
Generally 20 to 50
Single copy reglons
General occurence
Protein extraction

Electrophoresis (starch)
Histechemical staining

Optimization of
buffer system

Co dominant Corninant
Multiallelic 2 alleles
Unlimited Unlimited

Single copy regions More or less random

Intra specific; fair Intra populational; low to fair
across related specles  at the intra specifc level

DNA extraction (10‘69) DNA extraction (107 99)

Rest. enz. digestion PCR amplification
Electrophoresis Electrophoresis(agarose)
Southern blotting Ethidium bromide staining

Probe cloning
Insert purification
Probe labeling
Probe hybridization
Stringency washes
Autoradiography

Specific library consir.  Screening of primers

(cDNA/genomic) avallable on the market
Screening of single copy
probes

Co dominant

RHighty mulliallelelc
Unlimited

More or less random

Intra specific; low to fair
across related specles

DNA extraction (10-%g)
PCR amplification
Electrophoresls (high
Et-Br staining

or autogradiography

Genomic library
Selection of clones
DNA sequencing
Primer engineering
Primer synthesls

£0L



Table 1. Continued

Characteristic

ISOZYMES

RFLP

RAPD

MICROSATELLITES

Efficlency in genotypic
data peoint acquisition

Technological accessibllity
in the plant breeding context

Costs of Implementation/
routine oparation

{per data point, Including
labor costs)

Adequacy for different
applications In plant breeding

Genotype identification
Gemplasm evaluation
Genetlc mapping
Directed mapping to
speclfic genomic regions
Comparative mapping

Genetics of autogamous crops
Genetics of dllogamous crops

Very high in routine

Very high

Low/low

Low
Average
Low
Low

Low

Low
Average

Low during

probe development:

Medium in routine

Average

High/average

High
High
High
Average

Very high

Average
Very high

Very high in routine

Very high

Low/low

Very high
Average
High

Very high

Low

High
Very high

Low during marker
development;
High In routine

Very low

Very high/low

Vety high
High

Very high
Average

Average

Very high
Very high

voL
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ABSTRACT

This paper repors the nuclear DNA content estimates obtained by flow
cytometry for a group of twelve Eucalyptus species and five fast growing hybrids that
includes those most widely planted throughout the world. Estimates of nuclear (2C) DNA
content for the species surveyed ranged from 0.77 pg/2C for Eucalyptus cifriodora
(Subgenus Corymbia) to 1.47 pg/2C for E. saligna (Subgenus Symphyomyrtus). This
range corresponds to a haploid genome size range of 3.7 fo 7 x 108 bp. The average
physical equivalent of a 1 cM distance could be as low as 200 kicbase pairs in
Eucalyptus, an cftractive feature for positional cloning efforts in woody piants. The
closer the species were in phylogenetic relationship the more similar their nuclear DNA
content values. All the interspecific hybrids surveyed displayed a nuclear DNA content
in the expected intermediate range between the respective parental species, with the
exception of one criginating from Rio Claro, Brezil, whose exact parentage is unknown.
No evidence of polyploidy was observed in any of the hybrids. The flow cytometry
procedure employed in this study is an efficient method for investigating ploidy levels of
high yvielding hybrids of Eucalyptus.

INTRODUCTION

Eucalyptus (Myrtaceae) is a large genus of evergreen hardwood trees and
shrubs that includes about 700 species. It is almost exclusively native to Australla, with a
few species indigenous to adjacent islands. Only two species, E. deglupfa and E.
urophylla , are endemic outside Australia (Boland et al. 1984; Brooker and Kleinig 1990).
The genus Eucalyptus includes the most widely used tree species for plantation
establishment in tropical and subtropical regions of the world. Among the hundreds of
species, around 30 have shown potential for high yielding plantations. Eucalypt
plantations were reported to occupy 4 million hectares worldwide, and almost all of the
area planted with just 10 species: E. camaldulensis, E. globulus, E. grandis, E. maculata,

£. paniculata, E. robusta, E. saligna, E. tereticomis, E. urophylla and E. viminalis (FAQ
198 1), This area has steadily increased in recent years and today eucalypts constitute
the majority of the world's exotic hardwood forest . Fast growth rates and a wide range
in adaptability have contributed to the great interest that eucalypt species enjoy in
many countries outside their native range. Besides the fast growth that allows for shorter
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ratations, many species display wood properties that make them  very suitable for fuel
and charcoal production or pulp and paper manufacture.

In spite of its commercial iImportance and a world-wide effort in breeding and
propagation research, very Iiftle time has been devoted to the Investigation and
development of molecular genetic information about species of this genus. The few
studies include the analysls of RFLP pattems In chloroplast DNA (Steane ef al. 1991), the
development and screening of RFLP probe libraries for £. grandis (Wolff et al., 1993); .
phylogenetic and fingermprinting analyses of individuals and popuiations with RAPD
markers (Grattapaglia et al. 1992), construction of linkage maps for E. grandis and E.
urophylla (Grattapaglia and Sederoff 1992); linkage mapping in E. nitens and E.
globulus (Moran ef al. 1992; Song and Cullis 1992) and the isolation of genes involved in
the biosynthesis of lignin in £. gunnil (Boudet et al. 1992). In this context estimates of
nuclear DNA content constitute basic and important information for genome structure
analysis, genetic mapping of qualitative and quantitative trait loci, and especially for
devising strategies to isolate and clone genes of interest, particulardy through map-
based cloning.

A dist of nuclear DNA content estimated by Feulgen microdenstometry was
assembled for 753 anglosperm species by Bennett and Smith (1976). A supplementary list
of 240 species was later reported by Bennett et al (1982). These compilations did not
include any tree species. In recent years flow cytometry has become the technique of
choice for nuclear DNA content estimation. it allows rapid flucrescence measurement
of large numbers of stained nuclei and yields estimates of improved accuracy over the
traditional Feulgen microdensitometry (Leutweiler ef al. 1984). Using this methodology.
Arumuganathan and Earle (1991) reported estimates of the nuclear DNA content of
over 100 important plant species. Only a few fruit tree species and no forest tree species
were reported in their article. This paper is intended to report the nuclear DNA content
estimates obtained by flow cytometry for a group of Eucalyptus species that includes
those most widely planted throughout the word. In view of the importance of
interspecific hybridization in the genus (reviewed by Griffin et al. 1988) we also surveyed
some of the most common hybrids used in plantation forestry. DNA content
determingation was employed as an approach to investigate the level of ploidy for such
hybrids that were suspected polyploids in view of their high yielding abiltty.
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MATERIAL AND METHODS

Genetic material, The species and hybrids surveyed in this study with their
respective provenance or hybrid origin are listed in Table | Seeds were originally
collected from native stands in Australia and gemminated in @ greenhouse. Hybrid
individuals, maintained as rooted cuttings or micropropagules, were efther produced
through controlled pollination or as a result of natural hybridization events in exctic
conditions as evidenced by their intermediate morphology. These hybrids were
provided by the following Braziian forestry companies: Aracruz Florestal, Acesita
Florestal and Riocell . A leaf sample for measurement of DNA content consisted of a
bulk of heatthy fully expanded leaves from a minimum of 5 individuals per species, or 5
ramets per hybrid clone.

Preparation of nuclei and flow cytometry. Leaves, efther lyophilized or frozen in
liquid nitrogen, were pulverzed In a small coffee grinder, suspended in nuclel buffer
(10mM Tris-HC! pH 8/1ImM EDTA/0.3M sucrose), and homogenized with @ Brinkmann
Polytron 10-TS tip for 1min at a power setting of seven to dissociate nuclei from cell wall
debrs. Crude nuclel were sedimented by centrifugation (5 min. 1000xg). The nuclear
homogenate was fittered through two layers of cheesecloth and a layer of Miracloth
(Calbiochem). The pellet from 10g of leaves was resuspended in 1m! of nuclei buffer,
diluted into 0.15M NaCl containing 10ug/ml DAP! (Sigma), and the clumped nuclei
dispersed with 10 passes through a 26 gauge syringe needle. Flow cytometry was
performed on an ICP-22 (Ortho Diagnostic Systems., Westwood., MA) with chicken
erythrocytes (2.34pg/ diploid nucleus; Mirsky and Ris 1949) used as an intemal standard.
Several hundred nuclei were assayed for each measurement of DNA content.  Two
measurements were performed per species/hybrid.

Estimation of nuclear DNA content. Estimation was based on the fluorescence
histogram by comparing the mean position of the peak of the plant nuclei with the
mean peak position of the intemal standard (CE, chicken erythrocytes 2.34pg/2C).
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RESULTS AND DISCUSSION

The flow cytometry procedure used for estimction of nuclear DNA content was
simple and reliable. Atthough fairly tough and high in phenolics, the Eucalyptus leaf
tissue was readily amenable 10 the analysis. Both fresh and yophilzed leaf tissues
vielded equivalent results. Younger leaves gave higher nuclel yields than older leaves.
Leaf tissue from micropropagated plantlets gave the highest yields of nuclel.

Figure 1 shows a frequency distribution of number of nuclei as a function of
relative fluorescence intensity (DNA content) for Eucalyptus grandis. Indicated in the
distribution are the sample pedk of plant nuciei and the chicken erythrocytes peak
(standard peak). The coefficient of varigtion (CV) of the Gl peak for the samples
analyzed ranged from 6.3 to 12.8%, while the CV for the standard peak varied between
2.5 and 3.7%. The same range in CV was observed both for the species samples
{minimum of five genotypes) and for the hybrid samples (clonal material). Therefore the
greater variation in the eucalypt samples as compared to the chicken erythrocytes is
more likely due to differences in purity of the nuclei preparation than a real variation
between genotypes within the sample. Nuclear DNA content was calculated by
comparing the mean peak position of the plant nuclei to the mean peak position of
the standard as described in materials and methods. No significant  variation was
observed between the tTwo measurements performed on each specles/hybrid sample.

Nuclear DNA content and genome size in millions of base pairs Mbp) for the 12
species and 5 hybrids surveyed were estimated (Table 1). DNA contents ranged from as
low as 2C= 0.77 pg for Eucalyptus citriodora to 1.47 pg for E. saligna. One picogram
(pg) of DNA is approximately equivalent to 965 million base pairs (Bennett and Smith,
1976). therefore these values correspond to a haploid genome size range from 3.7 to 7
x 108 bp. In view of the estimation methodology used. the precision of the estimates is
given to three significant figures as for the CE standard used (2.34 pg/2C). This precision
comesponds to the nearest 107 bp in terms of haploid genome size.

In this study, the closer the species were In phylogenetic relationship the more
similar their C values. Species within the same section fended to show very similar DNA
contents, and species from different subgenera showed the most pronounced
ditferences. Species of subgenus Symphyomyrtus have DNA contents varying from 1.09
pg/2C for E.globulus to 1.47pg/2C for E. saligna. the highest value encountered, The
varation in genome sizes of species of this subgenus is similar to species of Brassica.
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(average sze of 1.3 pg/2C), comesponding approximately to a haploid genome sze of
6x 108 bp (Arumuganathan and Earle 1991), Species of subgenus Corymbia, namely E.
citriodora and E. toreliona have a much smaller nuciear DNA content of around 0.8
pg/2C (3.7 x 108 bp). slightly over half the size of species of Symphyomyrfus. This low
value is similar to another tree species. Citrus sinensis 0.76-0.82 pg/2C (Arumuganathan
and Earle 1991).

The nuclear DNA content of the hybrids surveyed was found to be in the
intermediate range between the respective parental species with the exception of the
spontaneous hybrid Eucalypfus urophylia x E. alba. its DNA content was estimated as
0.94 pg/2C. much lower than that of £. urophylla (1.34 pg/2C). The DNA content of
Eucalyptus alba (Section Exsertaria) was not measured in this study. However based on
its close phylogenetic relationship to E. camaldulensis, It is expected that it would fall
between 1.2 and 1.3 pg/2C. The significantly lower DNA content of the hybrid could be
explained by the fact that its comect parentage is unknown. Although morphologically
classified as £. urophylla x E. alba , the estimate of DNA content obtained in this study
and records about its origin  jointly suggest that other species of lower DNA content
were involved in its composition. This hybrid was selected from plantations originated
from seeds collected in the Rio Claro arboretum in Sao Paulo, Brezil, where a large
number of species were planted side by side in an exotic environment allowing for free
hybrdzation Zobel and Talbert, 1984).

Anecdotal speculations have been raised among eucalypt breeders that the
increased productivity of fast growing intra and interspecific hybrids of Eucalyptus could
be a result of an increased level of ploidy, similar to some interspecific hybrid Populus
clones (Munizing 1936; Bradshaw and Steftler 1993). The spectacular growth potential of
eucalypt hybrids has been documented throughout the word for several hybrid
combinations (Chaperon 1984; Sinoir 1984; Brandao et al. 1984; Kapoor and Shama
1984: Meskimen and Franklin 1984). All the interspecific hybrids surveyed in this study are
very fast growing genotypes used in vegetative propagation programs. They alf
displayed a nuclear DNA content in the expected diploid range. No muttiple peaks
comesponding to higher levels of ploidy were observed on gny occasion in the
fluorescence histograms. Results of this work clearly demonstrate that the five hybrid
genotypes surveyed are not polyploids. These results however do not preclude this
possibility for other hybrids. The fiow cytometry procedure employed in this study
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establishes a very straightforward and efficient method for determining ploidy levels of
high ylelding hybrids of Eucalyptus.

Subgenus Symphyomyrius includes the majority of the most widely planted and
bred species of Eucalypfus. Due to their importance, species of this genus have been
and will continue to be the most likely candidates for genetic mapping, gene isolation
and cloning efforts. In this study we have estimated an average haploid genome size of
650 megabase pairs for members of Symphyomyrtus. Total genomic map distances
were estimated between 1200 and 1500 centiMorgans for E. grandis and E. urophylia
through linkage mapping using RAPD markers (Grattapaglia and Sederoff 1992). These
sizes provide an estimate of 400 to 600 kilobase pairs as the average physical equivalent
of a 1 ¢M distance for these species. Total map distance per chromosome is relatively
constant even across widely divergent species (Rees and Durant 1986). For E. forefliana
and E. citiodora both with a genome size around 380 megabase pairs, assuming a
similar range of total map distance as for E. grondis and E. urophylfa , 1 cM would
comespond to 200 to 300 kilobase pairs.

A small nuclear genome, with a low proportion of interspersed highly repetitive
DNA is an important characteristic for cloning genes through map-based, or positional
cloning strategies. Positional cloning requires the detection of DNA markers (e.g. RFLPs
and RAPDs) flanking the gene of interest. These markers are then used to identify
genomic clones which can be used as starting points for chromosome walking towards
the gene. As total map distance per chromosome is reiatively constant, the smaller the
genome, the shorter the physical distance between any two markers thus facilitating
the walk to the gene. Arabidopsis thaliana with a genome size of 70 megabase pairs
has been the model plant of choice to clone genes using this strategy (Arondel et al.
1992). Eucalyptus torellicna and E. cifriodora with a genome size of 380 megabase pairs
would be a very suitable woody plant species for such a gene cloning approach.
Besides the relatively small genome size, some commercially important specles of
Eucalyptus have other characteristics that would make # an attractive candidate
model system for woody plant molecular genstics. These include: ) abilty to induce

abundant flowering in less than a year using paclobutrazol (Cauvin 1991); i} ease of
rejuvenation and vegetative propagation ; i ease of in vitro® cell and tissue culture
manipulations: ) availability of methods for transient gene expression (Manders et al
1992) and stable transformation (J. Purse, Shell Research, personal communication).
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Table 1. Species and hybrids of Eucalyptus and their respective nuciear DNA content
and genome sze as estimated by flow cytometry. Specles were grouped by subgenus
and section according to Pryor and Johnson (1971). Provenances (Australia) and origin
of the hybrids (Brazil) are listed when available,

SPECIES QRIGIN NUCLEAR DNA CONTENT
pg/2C ~Mbp/1C
Subgenus Symphyomyrius
Section Exserfaria
E. caornaldulensis Dehnh. Cooktown 1.23 590
E. tereticomis Smith Mackay Dist, 1.20 580
Section Transversaria
E. grandis Hill ex Maiden Atherton 1.33 640
E peliita F. Muell. Helenvalle 1.37 660
E. resinifera Smith 58285 (CSIRO) 1.28 620
E. robusta Smith n.a.! 1.35 650
E. saligna Smith Coffs Harbour 1.47 710
E. urophylia S.T. Blake Timor 1.34 650
Section Maidenaria
E. dunnii Maiden n.q. 1.10 530
E. globulus Labill. n.Q. 1.09 530

Subgenus Corymbia
Section Ochraria

E. citricdora Hook., n.g. 0.77 370
E. torelliona F. Muell. Atherton 0.80 390
Hybrids
E. grondis x E. urophylia C.P.2 (Aracnz - BR) 1.33 640
E. grandis x E. comaldulensis
Clone 016 S.H.3 (Acesita - BR) 1.36 660
Clone 252 S.H.3 (Acesita - BR) 1.21 580
E. tereficornis x E. grandis S.H. (Riocell - BR) 1.38 670
E. citriodora x E. torelliona C.P. (Acesita - BR) 077 370
E. urophylla x E. alba S.H. (Rie Claro -BR) 094 450

1n.a. not avaiable; 2C.P. Controlied Poliination; 35.H. Spontaneous Hybrid
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ABSTRACT

In this paper we present results of a series of genetic analyses caried out on
Eucalyptus species using RAPD (Random Amplified Polymorphic DNA) genetic markers.
These results describe the power, reliability, ease of use and multiplicity of applications
of this new class of molecular markers for genetic studies in the genus Eucalyptus as well
as in any forest tree species. A "Population Bulking” technique was used to establish
genetic relationships among nine species and a known hybrid. The most parsimonious
phylogenetic tree constructed agreed closely with the proposed taxonomy. Genetic
fingerprints were easily obtained with two highly polymorphic RAPD primers that
discriminated a group of ten commercially propagated hybrid clones. Preliminary resutts
are presented on the estimation of mating parameters for a seed orchard of E.
urophyfla.  The multilocus outcrossing rate estimate based on 26 dominant RAPD
markers was tm = 0.885 + 0.039. It reveals that outcrossing is prevalent in the seed
orchard but that a significantly low level of inbreeding may be occuring. This estimate
agrees very closely with results from previous studies that used codominant isozymes
markers. Genetic inheritance, segregation and linkage of RAPD markers in Eucalyptus
were established for 58 RAPD markers using a controlled F1 cross between E, grandis
and E. urophylla. A pseudo-testcross mapping strategy is briefly described. Such
strategy in combination with the DNA polymorphism uncovering power of RAPD allows
very quick generation of RAPD genetic linkage maps for elite individuals. We conclude
that RAPD is @ DNA marker technology that is very accessible to tree geneticists and
breeders both technically and economically. Large number of neutral markers are
available which allow extensive sampling of the target genome. RAPD markers are well
suited for the analysis of relatedness and genotype discrimination at the individual and
group levels. For studies of mating parameters the large number of marker loci
obtained with RAPD compensate for the small amount of information given by each
locus due to dominance. The universality of the RAPD assay makes It particularly
attractive for studies of mating systems in tropical tree populations. Genetic linkage
maps constructed by the pseudo-testcross strategy will be a powerful tool to study the
architecture of important quantitative traits in forest trees, and potentially to carmy out
marker aided breeding.
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INTRODUCTION

Genetic markers have been a useful tool in forest tree genetics and breeding in
the last two decades. Markers detected as isozyme polymorphisms have been widely
used to label individuals or populations and to estimate levels and distributions of
genetic variation in popuiations, (Mueller-Starck 1982, Shaw and Allard 1982; Adams
1983; Brown ef ¢l 1985). High levels of isozyme variability have been found in most forest
trees to date. In the genus Eucalyptus, isozymes have been used for the study of
mating systems in natural (Moran and Bell 1983; Fripp et al. 1987; Sampson et al. 1990)
and exotic populations (Yeh et al. 1983) and for the determination of phylogenetic
relationships (Burgess and Bell 1983; Prober et ol 1990). isozymes are codominant,
relatively inexpensive and easy to use, and as such they will continue to be an
important class of markers. However, for applications that require a broader genome
coverage, isozymes are severely limited by the number of available loci.

With the development of molecular techniques. large numbers of polymomhic
loci can be obtained ot the DNA level by codominant restriction fragment length
polymorphisms. RFLP's have been used to construct linkage maps for identifying QTL's in
crop species {(Lander and Botstein 1989; Paterson ef al. 1988) and trees (Devey ef al.
1990; Neale and Williams 1991; Bradshaw and Foster 1992). In spite of the power of RFLP
technology. it is still expensive, laborious and requires more complex molecular expertise
that make this assay less desirable for tree genetics and breeding projects that require
the analysis of large number of samples in modest laboratory settings.

The recently published PCR based technique called RAPD for Randomly
Amplified Polymorphic DNA (Williams et al. 1990; Welsh and McClelland 1990) provides a
new way of detecting polymorphism at the DNA level. This technique is based on the
amplification of random DNA segments with single primers of arbitrary nucleotide
sequence. RAPD fragments are produced by PCR ampilification of DNA, based on the
frequency and location of short inverted DNA repeats. The fragment is identified by the
primer sequence used to amplify it and its sze in base pairs, RAPD markers are highly
polymorphic, at least equivalent to RFLP markers and far more than isozymes. The
products of RAPD ampilification reactions can be viewed directly by agarose gel
electrophoresis much like isozymes without the need for Southem blots. RAPD does not

require specific probe library construction and the amount of DNA required for the
RAPD assay is about one thousand fold less than for RFLP. The RAPD methodology
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much more accessible to the nonmolecular biologist than RFLP methods while
providing the same virtually unlimited supply of neutral markers to cover the entire
genome. For some applications, RAPD markers might be limited by the fact that in
contrast to RFLP and isozymes, the allelic forms detected are in the great magjority
dominant rather than codominant.

RAPD's have been used as molecular markers for several purposes: linkage map
construction in conifers (Grattapaglia et al. 1991; Tulsieram et al. 1992), maopping of
disease resistance genes through Bulk Segregant Analysis (Michelmore et ol 1991),
cultivar and clone fingermprinting (Hu and Quiros 1991, Wilde et ol 1992), phylogenetic
studies (van Heusden and Bachmann 1992) and the study of introgression in natural
populations (Amold et al. 1991). In this paper we present results of a series of genetic
analyses of individuals and species of Eucalyptus caried out using RAPD markers. The
objective of this paper is to describe the power, reliability, ease of use and muttiplicity of
applications of this new ciass of molecular markers in forest tfrees genetics and breeding
with special emphasis to Eucalypius. Phylogenetic relationships were established among
species using a DNA bulking technique. DNA fingerprints were obtained for a group of
commercidlly propagated hybrid clones. Genetic inheritance, segregation and linkage
of RAPD markers were established, and a pseudo-testcross mapping strategy is
described. Finally, preliminary results are presented where RAPD dominant markers were
used for the estimation of mating parameters in a seed orchard.

MATERIAL AND METHODS

Plant Madlerial. Seeds from E. grandis, E. urophylla, E. grandis x E. urophylia, E.
pellita, E. resinifera, E. fereticomis were obtained from Aracruz Florestal §.A. (ES, Brazil)
and seeds from E. paniculata, E. dunnif, E. torelliana and E. cifriodora were obtained
from Acesita Florestal S.A. (MG, Brazil). Open pollinated seeds of E. urophylia collected
by mother tree from a three-year old seed orchard were obtained from IPEF (Instituto
de Pesquisa Florestal, Brezil. Seeds from a controlled cross between E. grandis (Clone
44y and E. urophylia (clone 28) were also obtained from Aracrnuz. Seeds were surface
sterilized and germinated "in vitro™ on agar solidified 1/2 strenght MS medium and grown

under 12 hours light. Adult expanded leaves from 10 commercially planted hybrid
clones and the parents of the controlled cross were collected from field plantation at
Aracruz Florestal S.A. These leaves were freeze dried and stored at - 200C for later use.
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DNA isolation and bulking. Total genomic DNA was Isolated from freeze dred
adutt leaf tissue of the parents and from fully expanded leaves of in vifro plantiet
progeny. A quick DNA miniprep procedure modified from Doyle and Doyle (1987) was
used. Approximately 300 mg of fresh or 50 mg of freeze dried tissue was ground to a fine
powder in liquid nitrogen directly in 1.5 ml microtubes using a plastic pestle. Eight
hundred pl of extraction buffer (2% CTAB, 1% PVP, 1.4 M NaCl, 100mM Tris-HCL pH 8.0, 20
mM EDTA pH 8.0 and 1% 2-mercaptoethanc!) was added. Tubes were incubated at
659C for 30 to 60 min and inverted every 15 min. The tubes were brought to room
temperature, then 700 ul of chloroformiisoamy! alcohol 24:1 was added and the tubes
repeatedly inverted untit a good emulsion was obtained. Tubes were centrifuged for
phase separation (12,000 xg. 5 min). The upper aqueous phase was transferred to a
new tube containing 700 u! of ice-cold isopropanol. Tubes were gently inverted a few
times until a precipitate could be seen. When precipitate was not easily visible the
tubes were chilled at -20°C for 30 min. DNA was pelleted by centrifugation (12,000 xg.
10 min). Peliets were washed once in 1.5 m! of 70% ethanol and once in 500 il of 95%
ethanol. Pellets were either dried In a speed-vac (Savant) or air-dried over night and
then dissolved in 50 pl of TE buffer (10mM Tris-HCI pH 8.0 and 1mM EDTA pH 8.0}
containing 50 pg/ml RNAse. DNA quality was checked on an agarose gel and the
concentration estimated by comparing the fluorescence intensities of the ethidium
bromide stained samples to those of lambda DNA standards. Samples were diluted to
between 2.0 and 4.0 ng/ul DNA in sterile water for RAPD analysis. Bulked DNA samples
for each species or provenance were prepared by pooling 200 ng of genomic DNA
from each one of 20 randomly chosen individuals.

RAPD analysis. Random ten base prmers were obtained from Operon
Technologies (Alameda, CA). Amplification reactions were performed in volumes of 13
pl containing 1.3 ul of the 10X buffer supplied by the Tag polymerase manufacturer,
100uM each of dATP, dCTP, dGTP. dTTP (Promega), 0.2 mM primer, 5 to 10 ng of
genomic DNA and 0.8 units of Taq DNA polymerase. Amplification was performed in Q6
well plates using a MJ Research PT-100 thermal controller programmed for 41 cycles of 1
min. at 920C. 1 min. at 350C, 2 min. at 720C. Amplification products were analyzed by
horizontal gel electrophoresis in 1.5% agarose TBE gels and detected by ethidium
bromide staining. Gels were photographed under U.V. light with Polaroid film 667. RAPD
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fragments visualzed as bands on a gel were scored for presence or absence across the
individuals or bulks analyzed. Fragment szes were calculated using the software SEQAID
Il (Rhoads and Roufa 1990).

Data analysis. RAPD markers that were reproducible in multiple runs were used in
the studies. For the phylogenetic study. polymorphic RAPD bands were listed as discrete
characters (present/absent) per species bulks. Most parsimonious trees were
determined by branch and bound search and bootstrap resampling using the PAUP
(Phylogenetic Analysls Using Parsimony) software (Swofford 1990). In the segregation
study, x2 tests of goodness-of-fit to the 1:1 segregation ratio and of independence of
segregation for RAPD marker pairs were performed. For the estimation of mating system
parameters, a modification of the MLT program., MLDT (Multilocus estimation of
outcrossing with dominant markers) (Ritland  1990) was used.

RESULTS

Optimization of the RAPD assay for Eucalyptus. Among the several DNA isolation
procedures tested. the CTAB procedure used proved to be the most efficient to obtain
genomic DNA that would consistently amplify by PCR. Starting tissue, however, is a
critical varigble. Young. tender tissue from expanding leaflets was the best starting
material to obtain high yields of clean DNA. In order to obtain such tissue, plants were
either grown In the greenhouse under intensive care or maintained “in vitro®. For adult
leaf tissue, the DNA procedure was essentially the same. However, oxidized phenolics
and polyssacharides occasionally co-precipitated with the DNA and tended to inhibit
the PCR reaction. This occumence waqs genotype-dependent. To overcome this
problem the strategy we used was not 10 try cleaning the DNA but rather to either
establish an "in vitro® stock of the genotype of interest or to induce epicomic shoots
from branches under mist irigation to obtain cleaner starting tissue.

The optimal RAPD reaction conditions for Eucalyptus were established after
testing variable concentrations of template genomic DNA, magnesium and Taq
polymerase (data not shown). Concentrations between 5 and 10 ng of genomic DNA
are optimal. Magnesium concentration between 1.5 and 20 mM can be used,
however 1.5mM was the concentration at which the RAPD reaction shows less primer
dependency. Tag polymerase concentrations down to 0.5 units (in 13 pf) can be used,




131

however with 0.8 units consistency Is befter. Over 200 different random ten-base
oligonucleotides were tested in different studies. The originally described primer
concentration of 0.2 mM was optimal. However variable success was obtained in the
assay depending on the primer used. Occasionally, ralsing the primer concentration to
0.4 mM significantly improved the RAPD band profiles. In general about 50 to 70% of the
random primers screened yielded informative DNA polymorphisms.

"Population Bulking® and phylogenetic analysis. Figure 1 shows the effect of
bulking DNA on the RAPD banding pattem. On the left side of the gel, the DNA of 15
randomly chosen individuals of Eucalyptus grandis (Atherfon provenance) were
amplified. On the right side of the gel 15 bulks of the same DNA samples were amplified
with the same primer. These bulks referred as "bootstrap’ bulks were constructed by
leaving out one at a time one of the individual's DNA. So bulk # 1 has all but individual #
1. bulk # 2 has all but # 2 and 50 on. This experiment was camed out with 10 different
random primers yielding the same result. The RAPD fragment variation among
individuals is lost by bulking and an average RAPD banding profile is obtained for the
group of bulked individuals. For composing ¢ representative bulk of the Eucalyptus
grandis population studied, bulks of a minimum of 15 individuals were necessary and
only fragments with frequencies above 0.2 were amplified in the bulk due to
competition among amplification sites (data not shown). We refer to this technigue as
‘population bulking'. it follows the same basic principles of the Bulk Segregant Analysis
described by Michelmore et ol (1991) for targeting specific genomic regions. This
population bulking strategy was used to study the genetic distance between ¢
Eucalyptus species and a hybrid. Bulks of 20 individuals were used for the analysis. A
total of 20 primers amplified 39 RAPD fragments that were selected as being informative
for the study. Figure 2 shows the RAPD banding profiles for six of those primers. Within
each RAPD primer, the first six lanes show quite simiiar banding profiles sharing most of
the RAPD fragments, while the other four, and porticularly the last two show different
sze bands. The similarty of the banding profies observed were expected on the basis
of the proposed taxonomic relationships among the species bulks analyzed.

The branch and bound search yielded two very similar phylogenetic trees. After
bootstrap resampling the consensus tree obtained is depicted in Figure 7. The
phylogenetic distances obtained closely ogree with the taxonomic subdivisions
described by Pryor and Johnson (1981). Within the subgenus Symphyomyrtus, E. grandis,
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E. urophytia, E. pellita and E. resinifera which belong to the section Transversaria, group
together. E. tereticomis, the next closest species, belongs to a  different section
(Exserfaria), for which several hybrids with members of Transversaria have been
described (Griffin et al. 1988). E. dunnii belongs to @ third section (Maidenaria) for which
hybrids both with Transversaria and Exsertaria have also been reported (Griffin et al.
1988). E. paniculata, which outgroups within Symphyomyrtus belongs to a fourth
section, Adnotaria which does not cross readily with species in other sections (Pryor and
Wiling 1974). Finally E. citriodora and E. torelliana which belong to subgenus Corymbia
group togheter in a separate branch.

Genetic fingerprinting of Eucalyptus clones. Discriminating RAPD fingerprints were
obtained for all 10 clones analyzed. A totatl of 20 random primers were screened for
discriminatory polymorphisms. Figure 4 shows an example of RAPD genetic fingerprints.
After selecting the highest polymorphisms yielding primers, only two primers were
necessary to unambiguously discriminate every clone in the group. Table 1 shows the
fingemrinting genotypes for the 10 clones. Several RAPD markers are shared among
subsets of clones, however each clone has a specific combination of RAPD markers
(identified by the primer number and fragment size) when both primers are considered
together.

Genelic inheritance, segregation and linkage of RAPD markers. To assess the
inheritance and segregation of RAPD markers, forty random primers were used to carry
out RAPD analysis on a sample of 6 F1 individuals plus the two parents of a controlled
cross. This screening step consisted in looking for the presence of RAPD fragments thot
were transmitted from parents to their F1 and that segregated for presence and
absence among the progenies. Figure 5 shows the result of this screening step with six
different primers. Several RAPD fragments were found to be polymorphic between the
two parents and to segregate in the progeny. From a total of 40 primers screened. 28
were found to yield at least one polymorphic segregating RAPD marker. For a total of 58
markers, segregation was analyzed on 30 F1 individuals. Figure 6 shows the genetic
inhertance and segregation of several RAPD markers amplified with a single primer.
Resutts of the ¥2 analysis of goodness-of-fit are given in Table 2. The observed 1:1 ratio
follows the expected Mendelian segregation of alieles in a test cross, where one of the
parents is heterozygous (genotype +/-) and the other parent is homozygous null (-/-) for
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the locus under consideration. This configuration s here referred as pseudo-testcross
since the marker configuration of the parents is inferred from the progenles “a posterion”,
i.e. without pricr planning as in a true testcross. For only four RAPD loci a significant y2
statistic was obtained, which indicates distortion from a 1:1 ratio. To minimize type |
errors, @ cut-off x2 of 15.00 was used as criterion to determine linkage between pairs of
markers. The observed number of linkages agrees with the expectation based on the
prior probability of linkage with the available number of markers as described eardier
(Grattapaglia et al 1992). With such stringency, only close linkages (recombingtion
fraction 8 < 0.15) were estimated. In order to obtaln more precise estimates of
recombingation fraction for linkage map construction, a larger number of progeny
needs to be genotyped. '

Estimation of mating paramefters. A total of 26 dominant RAPD marker loci were
selected based on their amplification intensity and occurence across families, As an
example, Figure 3 shows the presence of two RAPD loci in two different families. A total
of 128 individuals, 32 for each of four families were scored for the presence or absence
of the selected RAPD markers. These markers (identified by primer number and fragment
size) together with the maximum likelihood estimates of their gene frequencles
(presence of the fragment), standard error on these estimates and singlelocus x2
goodness of fit of t, (population multilocus outcrossing rate) 1o the data are shown in
Table 3. RAPD marker frequencies estimates varied in the range of 0.05 to 0.65. These
frequencies are very appropriate for studies of outcrossing rates. Standard error on
these estimates were obtained by 100 bootstrap resampling within families. Significant
departures from the mixed mating model were detected for 6 of the 26 RAPD loci
scored. The multilocus outcrossing estimate based on all 26 RAPD loc! was ty = 0.885 +
0.039, which did not differ from 1t {average singlelocus outcrossing rate) (Table 3). it
reveals that outcrossing is prevalent in the E. urophylla seed orchard studied but that @
significantly low level of inbreeding may be occuring. This estimate agrees very closely
with the only estimate available in exotic conditions (0.853) obtained with isozyme ioci
for a different species, E. cifriodora, in Brazil. Estimates for a closely related species, E.
grandis, in natural stands was 0.84 (Moran 1983).

To check the robustness of the outcrossing rate estimates, several analyses were
performed on different subsets of 10 or 15 RAPD loci, as well as by leaving out the loci

that departed from the mixed mating model. The maximum likelihood estimates for tyy,
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and f; always converged to values between 0.85 and 0.9 independently of which set of
loci was used or from which starting value (higher or lowern) of t, was used for the
iterative process. In spite of the fact that only four families were used in this preliminary
study the estimate of outcrossing rate seems quite robust. The large number of locl used
is probably responsible for this, since for tyy near one as in Eucalyptus, it has been shown
that it is better to assay more loci instead of more plants (Shaw and Brown 1982). Since
a very small number of mother trees were analyzed, the estimate of F Wright's fixation
index of matemal parents has to be viewed with caution. The negative estimate
denotes o slight excess of heterozygotes. which agrees with earier estimates (Yeh ef al.
1983) and is in concordance with the hypcthesis that selection operates against
homozygotes through the life cycle in Eucalyptus. Such a selection mechanism has
been reported operating in E. regnans (Griffin and Cotterill 1988).

DISCUSSION

RAPD markers constitute a very powerful tool for genetic analysis in species of
the genus Eucalyptus as well os in any highly heterozygous forest tree species. The
‘population bulking® technigue here described allows for a very simple way of finding
DNA markers that are specific to the groups that constitute the bulks and to find
distances/similartities among such groups. An important aspect of this procedure is that
the bulking mechanism removes detectable varnabilty among individuals within a bulk
and yields an "average genome” RAPD profile that characterizes the bulked group. This
short cut 5 useful when seeking informative sequence differences among groups of
individuals, e.q. populations, provenances, species. The combined use of bulks and
RAPD markers significantly reduces the number of individual samples to be analyzed to
uncover those differences. In this process, the larger the porfion of the genome that is
sampled, the larger the number of potentially informative markers obtained and
therefore the more reliable will be the estimates of differences or similarities among the
groups. In the phylogenetic study described herein, a fotal of 39 markers were used and
those were obtained with only 12 primers.The phylogenetic grouping of the species
dgreed closely with the proposed taxonomy. Using a similar approach we found 129
informative markers to study phylogenetic relationships among closed cone pines
(Grattapaglia et al. 1992). Besides studying phylogenetic relationships. this bulking
strategy potentially allows finding species/provenance specific markers that could be




136

used to determine the species composition of natural and spontaneous hybrids of
Eucalyptus used in clonal deployment programs throughout the world.

Along the same line stands fingemrinting analysis. We have shown here with
Eucalyptus that primers can be selected to simultaneously amplify ¢ large number of
polymorphic fragments that can be easily used to discriminate clones. In this study with
only two primers it was possible to establish cione specific RAPD banding genotypes
within a group of 10 clones. Evidently, as the number of clones to be discriminated
increases, more RAPD primers/markers will be necessary. Also, as the clones to be
doscriminated are more closely related by species or provenance origin, more RAPD
markers will have 10 be surveyed for informative differences. RAPD genetic fingerprinting
s a very simple and inexpensive tool for quality control of clonal deploymnet programs,
and for protection of proprietary rights on elite clonal material.

Qur preliminary results show that RAPD markers although dominant can be
reliably used to determine population cutcrossing rates. The large number of markers
that can be found segregating in different families compensates for the small amount of
information given by each locus. Ritland and Jain (1981) when describing the mixed
mating mode! have shown that relatively more loci are needed with dominance to
obtain satisfactory estimates of gene frequencies and outcrossing rates. Isozyme
markers are quite efficient and have traditionally been used for such studies, However a
potential advantage of RAPD markers for outcrossing rate studies is the universality of
the assay protocols which would allow analyzing a broad range of tree species without
prior need for optimizing isozyme detection systems. This feature is particularly relevant
to research on the genetic diversity and conservation of tropical tree species.

We have reported the genetic inheritance, segregation and linkage of RAPD
markers in Eucalyptus. We have observed that due to the high level of heterozygosity in
the individuals it was possible to find a considerable large number of markers in Q
pseudo-testcross configuration between the parents which yield a segregation ratio of
1:1 in the F1. When analyzed for co-segregation, RAPD markers showed linkages. As
pointed out earler (Ritter et al. 1990, Carlson ef al. 1991; Grattapaglia et al. 1992), the
pseudo-testcross mapping strategy in combination with the polymorphism uncovering
power of RAPD is a very efficient tool for constructing linkage maps for individual diploid

trees such as Eucalyptus In G very similar way as the haploid biclogy allowed such
mapping in conifers (Grattapaglia et al. 1991; Tulsieram et ol. 1992). The concept of
screening primers in search of the informative markers as opposed to relying on known
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locl is a new one that has become possible with the technological advance brought
about by RAPD.

In conclusion we have shown that RAPD Is a powerful DNA marker technology
that is also very accessible to tree geneticists and breeders both technically and
economically. It is particularly Interesting in developing countries since It does not
depend on a large number of reagents, uses few and simple equipments and does not
require constant supply of radicisotopes. Large numbers of neutral markers are
avallable which allow detaited study of the target genome. RAPD makes pre-selection
of informative markers easy allowing very fast generation of marker data for muttiple
applications. RAPD markers are well suited for the analysis of relatedness and genotype
discrimination at the individual level. The described "population bulking® strategy aliows
a similar approach at the group level, i.e. species or provenances. The pseudo-testcross
mapping strategy will lead to very quick generation of individual genetic linkage maps.
Such maps can be used fo study the architecture of important quantitative traits In
forest trees, and potentialty carry on marker cided breeding strategies In structured elite
populations. In Eucalyptus breeding. linkage disequilibrium generated by hybridization
coupled with the possibility of clonal propagation are conditions that could greatly
favour the use of such strategies.
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Table 1. RAPD fingerprinting genotypes of 10 Eucalyptus clones obtained with two random primers that amplified 14
polymorphic discriminatory markers identified by the primer code ond frogment sizein bp; (++ = presence of marker).

F4 344 F4 370 F4 490 F4530 F4540 F4550 F4 600 F4 1650 F4 2700 B8 360 B8 520 B3 700 B3 750 B8 900
C_LEI‘TE_& ++ ++ ++ ++ ++ ++
ﬁ CLONE 351 ++ ++ ++ ++ ++ ++
- CLONE 567 ++ ++ ++ ++
CLONE 1205 ++ ++ ++ ++ ++ ++ ++ ++ ++
CLONE 1225 ++ ++ ++ ++ ++ ++
E CLONE 1248 ++ ++ -+ ‘ -
: CLONE 1501 ++ ++ +4+ ++ + ++
CLONEZ25 | 44 - ++ ++ -
CLONE 2277 ++ ++ ++ +
CLONE 4619 ++ ++ ++ , ++ ++ ++

ort
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Table 2. Genetic segregation and linkage of RAPD marker loci in Eucalyptus. Columns list
from left to right: (1) and (2) pair of linked RAPD markers (arbifrary primer code_fragment
size in bp); (3) to (6) counts of the four haplotypic marker classes : (7) recombination
fraction (6) between linked loci; (8) and (9) 2 siatistics of goodness-of-fit test o 1:1
segregation ratio for each locus (*indicates significantly distorted locus at a=0.05); (10) x2
statistics for linkage (significance threshold 2 = 15.00).

LOCUS1 LOCUS2 (+/4) (+-) (-4) () O  y2LOCUS1 %2 LOCUS2 %2 LINKAGE
G6_ 1140 H3 1323 1 2 1 § on 2.29 12 1728
A0 835 G12.123t 12 0 1 16 003 0.86 0.31 25.14
A10_835 G5 1898 11 3 15 043 1.20 0.13 16.13
A0 562  G12_1231 1 16 12 0 003 0.86 0.31 25.14
A10 562 (51898 3 15 11 1 0413 1.20 0.13 16.13
A11_2374  B6_515 14 1 0 15 003 0.00 0.13 26.13
A11.1430 A202127 18 0 2 9 007 1.69 417 21.55
A11.1439 A192448 13 1 0 10 004 0.67 0.17 2017
A11635 G121459 10 + 1 17 007 169 1.69 2155
A11. 635 A7 865 1 10 16 1 007 1.29 1.29 2057
A11.635 A2 1744 2 6 17 1 012 385" 5.54* 1538
D21095 G12.1459 9 2 0 16 007 093 3.00 1959
D2 1005 A7 865 2 9 15 0 008 0.62 2.46 1862
D2.1035  A19 398 0 9 13 1 004 1.9 0.39 19.17
D2.848 G2 1444 0 13 13 1 004 0.04 0.04 23.15
D2 848  G5304 12 1 0 15 004 0.14 0.57 24.14
D3 508  Gi2.1459 9 1 1 17 007 229 2.29 20.57
D3 508 A7 865 1 83 16 1 007 1.81 1.81 1959
D3 508 A2 1744 1 6 17 1 008 484 484 1764
B6 810 A202127 18 0 2 9§ 007 1.69 417 2155
BS 810  G2.584 2 16 31 1 010 1.20 053 19.20
B6. 810 G2 519 1 2 1 11 010 1.20 053 19.20
B6 810  A192448 13 1 0 10 004 0.67 0.17 2017
B6 780  A201068 17 1 0 11 003 1.69 0.86 25.14
B6 780 A2 1691 17 0 2 7 008 246 5.54* 1862
87 1732 A18 509 3 1 1 11 008 0.15 0.15 18.62
87 1549  A18 509 1 11 13 1 008 015 0.15 18.62
G12_1459  A19 398 0 g 12 2 009 1.09 0.04 1570
G12_1231 G5_1898 2 t 1 15 007 0.31 0.31 2155
A7 865  A19 398 12 2 0 9 009 1.00 0.04 1570
A20 1088  G5_1898 3 14 11 1 o014 0.86 0.03 15.21
G2 1444 G5 304 0 14 13 2 007 0.03 0.31 2155
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Table 3. List of RAPD markers used In the estimation of outcrossing rate in  the
Eucalyptus urophylla seed orchard. Gene frequencies for the (+) RAPD allele
were estimated by maximum likelihood under a mixed mating mode! using
MLTD. Standard errors (S.E.)were obtained by boofstrapping. RAPD marker loci
displaying significant departure (a=0.05) from the mixed mating model (32

goodness-of-fit of t, (outcrossing rate) to the data) are indicated by an asterisk.

RAPD MRK. _ GENE FREQ.  SE. X2
D8_1200 0.246 0.074 9.08"
D8_1000 0.155 0.035 0.62
D8_800 0.355 0.067 497
G2_1650 0.382 0.055 251
G2_1400 0.495 0.066 0.12
G2 1200 0.049 0.031 4.66"
A4 900 0.178 0.055 273
A4_750 0.250 0.068 245
A4_360 0.373 0.067 238
A4_250 0.204 0.042 0.84
F4_1500 0.058 0.024 0.15
F4_1400 0.117 0.036 1.08
F4_550 0.159 0.038 0.34
F4_520 0.298 0.051 1.03
F4_490 0.128 0.032 232
F4_344 0.111 0.041 14.81*
A18_1400 0.149 0.044 0.31
A18_850 0.395 0.056 0.59
A18_450 0.135 0.053 0.11
H7_1500 0.510 0.068 0.79
H7 1100 0.477 0.070 0.21
H7_700 0.232 0.072 0.24
H7 550 0.632 0.067 0.12
H7 520 0.135 0.063 3.51
141650 0.055 0.020 5.63"
141200 0.252 0.068 519"
MULTILOCUS OUTCROSSING RATE 0885 (0.036)
SINGLELO CUS OUTCROSSING RATE 0885 (0.039)
W RIGHTS FIXATION INDEX F - 0059
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Figure 1. "Population Bulking” of genomic DNA. Genomic DNA of 15 randomly chosen
individuals (left side of panels) of Eucalypfus grandis were assayed using RAPD. In @
procedure simitar to a "bootstrap®, resampling however was not random) 14 out of the
same 15 DNA samples were pooled, leaving one of the samples out in each bulk (right
side of panels). By bulking the DNA samples variation among Individuals is canceled
and a RAPD banding profile for a representative "average genome” for the population
is obtained. Panel A: primer H7 (Operon); Panel B: primer B8,
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Figure 2. RAPD assays on “Population bulks” of nine species of Eucalyptus and a known
interspecific hybrid. Letters (a) through (f) correspond to primers (Operon): A10, A11, B8,
D2, F4, H7. For each primer set, 10 lanes correspond to the following genetic entries from
left to right: Eucalyptus grandis, E. grandis x E. urophylla hybrid; E. pellita; E. resinifera; E.
tereticornis, E. paniculata; E. dunnii: E. torelliona; E. citriodora.

Figure 3. RAPD analysis of open pollinated progeny arrays of Eucalyptus urophylia. Panel
(a): family 1; Panel (b): family 27. Arrows indicate two of the 26 RAPD markers used to
estimate outcrossing rate (tyy). The frequency of the markers in the two families suggest
that mother tree # 1 is heterozygous for markers 1 and 2, while tree # 27 is homozygous
null for both markers. i.e. all progeny with the marker indicate an outcrossing event.
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Figure 4. Genetic fingerprinting of clones using RAPD markers. Ten commercially
propagated "plus” clones of Eucalypfus (identified by numbers on top) were assayed
using RAPD primer F4 to obtain discriminatory genetic fingerprints. Arrows indicate the
informative markers used in the analysis (see also Table 1 for gel interpretation).
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Figure 5. Screening of arbitrary primers for segregating RAPD polymorphisms. genomic
DNA of the parents (first 2 lanes of each set) and 6 F1 individuals were assayed with 6
different primers (Operon) (1) through (©): A9, A10. All, B6, B7 and D2, Selected
informative markers in the pseudo-testcross configuration are indicated by amrows.

Figure 6. Genetic inheritance and segregation of RAPD markers in Eucalypfus. First and
last lanes are 1 Kb ladder fragment size standards. Lane 2 and 3 are the parents, E.
grandis and E. urophylia. The following 28 lanes are F1 progeny individuals. Blank arrows
indicate markers inherited from E. grandis and filled arrow from E. urophylla.
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ABSTRACT

We have used a "two-way pseudo-testcross” mapping strategy in combination
with the RAPD assay to construct two moderate density genetic linkage maps for
species of Eucalyptus. in the cross between two heterozygous individuals many single-
dose RAPD markers will be heterozygous in one parent, null in the other and therefore
segregate 1:1 in their F1 progeny following a test cross configuration. Meiosis and
gametic segregation in each individual can be directly and efficiently analyzed using
RAPD markers. We screened 305 primers of arbitrary sequence, and selected 151 to
amplify a total of 558 markers. These markers were grouped at LOD 5.0, 8 = 0.25 resulting
in the matemal E. grandis map having a total of 240 markers into 14 linkage groups
(1552 cM) and the paternal E. urophylia map with 251 markers in 11 linkage groups
(1101 cM) (n=11 in Eucalyptus). Framework maps ordered with a likelihood support
>1000:1 were assembled covering 95% of the estimcted genome size in both
individuals. Characterization of genome complexity of a sample of 48 mapped RAPD
markers indicate that 53% amplify from low copy regions. These are the first reported
high coverage linkage maps for any species of Eucalyptus and among the first for any
hardwood tree species. We propose the combined use of RAPD markers and the
pseudo-testcross configuration as a general strategy for the construction of single
individual genetic linkage maps in outbred forest trees as well as in any highly
heterozygous sexually reproducing living organism. A survey of the occumrrence of RAPD
markers in different individuals suggests that the pseudo-testcross/RAPD mapping
strategy should also be efficient at the intraspecific level and increasingly so with crosses
of genetically divergent individuals. The ability to quickly construct single-tree genetic
linkage maps in any forest species opens the way for a shift from the poradigm of a
species index map to the heterodox proposal of constructing several maps for individual
trees of a population, therefore mitigating the problem of linkage equllibrium between
marker and trait loci for the application of marker assisted strategies in tree breeding.

INTRODUCTION
The genus Eucalyptus, family Myrtaceae, Is native to Australia and adjacent

islands. It includes over 700 species of hardwood trees and shrubs (BoLAND et al. 1984) of
which approximately thity are grown throughout the word for fiber and energy




150

production. Due to their fast growth and wide range of adaptability, eucalypts are the
most widely used species for plantation establishment in tropical and subtroplcal regions
of the world. Today. they constifute the majority of the world's exotic hardwood forest
and cne of the world's main sources of biomass (ELDRIDGE et al. 1993).

In spite of its commercial importance and a werd-wide effort in breeding and
propagation research, very little effort has been devoted to the development and use
of molecular genetic markers for spacies of this genus. lsozyme markers have been used
for the study of mating systems in natural and exotic populations of Eucalyptus (MORAN
and BeLL 1983; FriPp, GRIFFIN and MORAN 1987; SAMPSON, HOPPER and JAMES 1990; YEH et o,
1983). lsozymes are inexpensive and technically accessible markers, however they are
limited when a broader genome coverage is required,

In the last decade, detailed linkage maps based on RFLP markers have been
developed for a number of species (see reviews by STUBER 1992 and GRATTAPAGLA 1994).
To date only two studies analyzed RFLP patterns in Eucalyptus: a phyiogensetic analysis
of chloroplast DNA (STEANE et al. 1991), and the development and screening of a
genomic library for RFLP probes (WoLrr, McDowtell and MACHADO 1993). RFLP analysis
requires the ‘up front" development of probe libraries and involves Southem blot
hybridization, procedures that are time consuming and labor intensive, The advent of a
PCR-based arbitrarily primed genetic assay called RAPD (Random  Amplified
Polymorphic DNA), AP-PCR (Arbitrarly Primed PCR) or DAF (DNA Amplification
Fingerprinting) (WiLLaMs ef al. 1990; WELSH and MCCLELLAND, 1990; CAETANO-ANOILES, BASSAM
and GressHOFF 1991), has provided an extremely efficient way to detect DNA
polymaorphisms and generate large numbers of molecular markers for genetic mapping
and genomic fingerprinting applications (TINGEY and DELTUFO 1992). RAPD markers do not
require prior sequence Information and can be viewed directly by agarose gel
electrophoresis without the need of specific probe libraries and radioisotope detection.
RAPD markers are therefore much more accessible to the nonmolecular biclogist than
RFLP's.

in recent years, RAPD markers have allowed a significant advance in the ability
to generate linkage maps quickly. Maps of RAPD markers were reported for loblolly pine
(GRATTAPAGLA et al. 1991), white spruce (TUSIERAM et al. 1992), Arabidopsis (RETER et al.
1992). apple (LawsoN, HEMMAT and WEEDEN 1992) sugar cane (At-JANABI et al. 1993), faba
bean (JORRES, WEEDEN and MARTN 1993), slash pine (NeLsoN, NANCE and DOUDRICK 1993)
and peach (CHAPARRO et al. 1994). In Eucalyptus, RAPD markers have been used in
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genetic analyses of individuals and populations  Including clone fingemrinting,
outcrossing rate estimation and phylogenetic relationship studies (GramaracuAa, O'MALLEY
and SEDEROFF 1992). In Eucalypfus, no reports of genetic linkage of momhological or
isozyme markers are available. However, in the last two years the construction of linkage
maps of molecular markers has been undertaken for E. grandis and E. urophylia
(GRATTAPAGUA and SEDEROFF 1992), E. globulus (SONG and Culls 1992) and E. nifens (MORAN
et al. 1962).

Most linkage maps in plants have been obtained from segregating populations
derived from crosses between inbred lines. Such populations or even three-generation
pedigrees are generally not available in trees and are difficutt to obtain due to @
significant genetic load and time constraints. In spite of this obstacle, existing three-
generation outbred Pinus toeda and Inbred Populus pedigrees (Devey ef ol 1992;
BraDsHAW and STETILER 1993} have been used as mapping populations. Aftemdtively In
conifers, haploid megagametophytes have allowed the direct analysis of linkage in
gametes and the construction of genetic maps (CONKLE 1980; GRATIAPAGLA et al. 1991;
TULSIERAM et al. 1992; NELSON, NANCE and Douprick 1993). Available pedigrees for the
majority of angiosperm outbred tree species, including the eucalypts, generally involve
only two parents and their fulksibs, or matematl half-sib families. To incorporate
molecular marker assisted strategies into forest free breeding it is imperative to explore
alterngtive approaches for the construction of linkage maps that make use of
pedigree structures already existing and commonly generated in free breeding
programs. Particularly in the case of trees, genetic  linkage maps could prove a very
powerful tool for accelerating breeding through marker gssisted selection and
recombination. Breeding programs of Eucalyptus species are based on simple or
reciprocal recurrent selection, interspecific hybridization and, in some cases, clonal
selection and deployment. Linkage disequilibrium generated by hybridization coupled
with the possibility of capturing non additive genetic variance through clonal
propagation are conditions that would greatly enhance the potential use of molecular
marker assisted breeding strategies in these specles. '

In this paper we report the genetic inheritance, segregation and linkage of 3558
single-dose RAPD markers for two closely related species of Eucalyptus, E. grandis Hill ex
Maiden and E. urophylia S.T. Blake. We used a two-generation Interspectific pedigree to
construct  single-tree genetic linkage maps using a fwo-way ‘pseudo-testcross’
mapping strategy. We propose this mapping approach as a general strategy to
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generate single individual linkage maps quickly for highly heterozygous organisms. These
are the first reported genetic linkage maps for Eucalyptus and among the first for any
hardwood tree species.

MATERIALS AND METHODS

Piant material. A single controlled cross between two highly heterozygous elite
trees was selected for genetic mapping. Eucalyptus grandis (clone 44, Coffs Harbor
provenance, Australia - selection from a Zimbabwe seed source), used as the female
parent was crossed to E. urophylia (clone 28 selection from Rio Claro land race, Brazi),
used as male, in 1989 at Aracruz Florestal S.A., Brazil. These two species belong to the
same subgenus and section. They are easily crossed and their progeny are fully fertile.
A second controlled cross used in the study was performed in the same year and
location between a different female parent, Eucalyptus grondis (clone 816/2 Atherton
provenance, Australia) and the same E. urophylia male parent. Seeds obtained from
these crosses were surface steriized and germinated on  solid agar containing half-
strength MS medium (MurasHIGE and Skooc 1962) under a 14 hour photoperiod. The
mapping population consisted of é2 F1 individuals. This population was immortalized by
establishing clonal cuttures of the individuals by vegetative propagation in vifro on half-
strength MS medium supplemented with 0.005 mg/! IBA (indok-butyric acid) to stimulate
rooting of microcuttings.

DNA extraction. Total genomic DNA was isolated from freeze dried adutt leaf
tissue of the parents and from fresh leaves of in vitro plantlet progeny using the protocol
of Dovie and Dovie (1987), modified by the addition of 1% PVP and 1% 2-
mercaptoethanol to the isolation buffer. DNA  concentration was estimated by gel
electrophoresis comparing the fluorescence intensities of the ethidium bromide stained
samples to those of A DNA standards.

RAPD assay. Random ten-base primers (kits OP-A through OP-2) were obtained
from Operon Technologies Inc. (Alameda CA). Amplfication reactions (13 pl) were
caried out according to Witiavs et al. (1990) with the following modifications: 0.4 uM
ten-base primer, 10 pg/ul Nor-acetylated Bovine Serum Albumin (New England Biolabs).
5 to 10 ng of genomic DNA and 1 U of Tag DNA Polymerase. With a genome size of 0.6
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pa/1C (GRATTAPAGLA and BrADSHAW 1994) the amount of genomic DNA used in a RAPD
reaction comesponded to between 8,000 and 16,000 haploid genome equivalents,
Amplifications were performed in 94-well microtest plates using an MJ Research PT-100
thermal controller. RAPD products were analyzed by electrophoresis in 1.5% or 2.0%
agarose gels containing 0.2 ug/ml ethidium bromide. On a custom made gel tray a full
Q6-well plate was run on a single gel. Gels were photographed under fransmitted U.V.
light using a MP4 Polaroid camera or an EcgleyeTM video imaging system (Stratagene)
and printed on 20x15 c¢cm thermal paper. Gel scoring was performed directly from the
photographs or thermal prints.

Primer screening. A total of 305 ten-base random primers were screened against
the two parents and a progeny sample of 6 individuals. RAPD fragments that are
polymorphic  between the two parents and segregate in the progeny can be
detected. With 6 individual progeny the probability of missing a polymorphic marker
segregating 1.1 is 0.094. Twelve primers were conveniently screened on one 96-well
plate and one gel. A total of 151 primers were selected during this step based on the
number of RAPD polymorphisms amplified. their sze and amplification intensity.
Selected primers were used on the mapping population.

Scoring of RAPD markers. Segregation of RAPD markers in the mapping
population was recorded In  two independent replications. each one with a different
set of individuals. In the first replicate the two parents and 30 progeny were assayed for
RAPD markers with all the selected primers. In @ second replicate, totally independent
DNA extractions, reaction mixture preparations, gel analysis and genotype scoring were
performed for another set of 32 progeny individuals, This procedure provided an intemal
control and an estimate of repeatability for all the scored markers. Markers that did not
amplify consistently or could not be scored reliably across the two replicates were
dropped from further analysis.

Segregating RAPD markers were identified by the manufacturer primer code

corresponding to a particular ten-base sequence, followed by a number Indicating the
fragment sze in base pairs. Fragment sizes were estimated using the software SEQAID Il
(RHoaDs and Roura 1990). Following the fragment sze, separated by a slash, a
subjective score was given from 1 to 3 denoting the fragment amplification intensity, 3
being the most intense. For example RAPD marker A11_980/3 comesponds to a RAFD
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fragment amplified by Operon primer All (corresponding to the sequence 5-
CAATCGCCGT-3), with sze 980 base pairs, of high (score 3) ampiification intensity. All
the scored RAPD fragments were sampled from the agarose gel by gently stabbing the
flucrescing band with a pipette tip and rinsing the tip into 20 w of sterile TE buffer (10
mM Tris-HCI and 0.2 mM EDTA). All samples were stored at -209C until required for
reamplification,

Characterization of genomic sequence complexity of RAPD marker locl. Total
genomic DNA was exiracted from a bulked leaf sample of individuals of the mapping
population. In the wells of a dot-blot apparatus, an appropriate amount of DNA was
denatured and vacuum transferred and cross linked to  a nylon membrane.
Membranes were cut info strip blots with 4 contiguous dots containing 5 ug. 0.5ug and
0.05 ng of eucalypt DNA and 5 pg of herring spem DNA as a negative control.

Dot blots 16 be used as controls for comparative analysis were prepared by
performing a reconstruction experment where known picogram amounts of pure RAPD
fragment corresponding to 1, 10, 100 and 1000 copies were immobilzed onto a
membrane using 5.0 pg of hering sperm DNA as a carrier following the same
contiguous dot blot format. Control blots were prepared for twelve different RAPD
fragments varying in sze from 300 to 1500 base pairs. A total of 48 RAPD fragments
coresponding 1o mapped marker loci were labeled and used as probes on the dot
blcts to characterize the copy number of their intemal sequences. Control blots were
simultaneously probed with the cormesponding fragment used in the reconstruction
experiment. To futher confirm the results, two RAPD fragments from each copy number
class were then used as probes on genomic Southem blots (SOUTHERN 1975).

RAFPD fragment hybridizations. RAPD fragments to be used as hybridization
probes were reamplified using the RAPD assay conditions described. Template DNA for
reamplification consisted of a 3 ul volume of the 20 Wi RAPD band sample. Non-
radioactive labelling of the probes was perfformed with  dUTP-digoxigenin according to
manufacturers recommendations (Boheringer-Mannheim). Reamplified probes were
checked for single band purity on a minigel. Probe hybridization, washes and
detection procedures were canied out following manufacturer recommendations using
the chemiluminescent substrate solution CSPD (Tropix Inc.).
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Confirmation of RAPD marker inheritance, codominance and presence in
different individuals. Putative codominance (size-variation) of RAPD markers was
investigated by DNA hybridization of gel blots of RAPD products with the putative
codominant fragment used ¢s probe. A subset of maopped RAPD markers were
surveyed for their presence and segregation in a different individual of E. grandis by
analyzing the second F1 cross described previously. RAPD assay was caried out on the
two parents and 10 progeny for each one of the two crosses. Confirmation of
homology for RAPD markers of same sze was camed out through DNA hybridization,
using the fragment of interest s a probe. RAPD gels were blotted onto nylon
membranes and hybridized as described.

Segregation and linkage analysis of RAPD markers. Segregating markers were
scored for presence (1) or absence (2) of the amplified RAPD band. The parental origin
of the marker was also recorded. Two separate data sets were obtained, one for each
parent. In the pseudo-testcross configuration markers are present in one parent and
absent in the other or vice versa, and are expected to segregate 1.1 in the Fi
generation. A x2 test (@=0.05) was performed to test the null hypothesis of 1:1
segregation on all scored markers. Preliminary grouping was done using a 2 test for
independence of segregation at a threshold of 15.00 (~ LOD= 5.0, R. DOERGE, personal
communication). The linkage analysis was done using MAPMAKER (LANDER et al. 1987).
The software program GMENDEL (Luv and KNapp 1990) was also used during  linkage
analysis particularly for ordering linkage groups. To allow the detection of linkage of
RAPD markers in repulsion phase the data set was duplicated and recoded. A LOD
score of 5.0 and maximum 8= 0.25 were set as linkage thresholds for grouping markers.
Map distances in centimorgans were calculated using Kosambi's mapping function,
Preliminary orders of marker loci in each linkage group were established using a matrix
corelation method implemented by MAPMAKER. From this initial order, a subset of
evenly spaced loci that could be ordered with a likelihood ratio support > 1000:1
established a framework map. Error detection functions of MAPMAKER were employed
to check potential genotyping errors in the framework markers. The final framework
order obtained was then compared to the order outputted for the same subset of
marker locl by GMENDEL that employs a simulated annedaling algorthm. Markers that
could not be ordered with equal confidence were Indicated as accessory markers at
an already specified locus on the map. Genome map sizes were estimated according
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to Hulesrt et of 1987 taking into consideration only pairwise comparisions between
markers placed on the framework map.

RESULTS

Primer screening. In our standard conditions, RAPD reactions amplified an
average of 10.7 visible bands on an ethidium bromide stained agarose gel. Pimer
screening was efficiently caried out using both parents and a scmple of F1 individuals
(Figure 1). With this format, parental orgin of the polymorphic loci as well as their allelic
state (homozygous or heterozygous) was directly Infered from the presence of the
fragment in one parent, the absence in the other and at least one presence/absence
in the F1 progeny sample. Of the 305 arbitrary primers screened, 57 (18.7%) did not
vield any amplified product, 80 (16.4%) did not detect any visible sequence
polymorphism in our particular cross and 198 (64.9%) uncovered at least one RAPD
fragment polymorphism. From these 198 primers, a total of 151 were selected, aiming
at maximizing the number of scorable markers per primer in the following mapping step.
A total of 558 RAPD markers were scored on the mapping population, yielding an
average of 3.69 markers/selected primer or 1.82 markers/any arbitrary primer . Simiiar
ratios were recently reported for single-dose RAFD polymorphisms in sugar cane (1.88)
(SosraL and HONEYCUTT 1993) and Stylosanthes (1.8) (KAzaN, MANNERS and CAMERON 1993).
Althcugh the majority (64.9%) of primers screened detected at least one polymorphism,
the screening step essentially doubled the time efficiency ond halved the cost of data
gathering in the mapping phase.

Scoring of markers on the mapping population. Segregation of a total of 558
RAPD markers was scored on the mapping population (Figure 2). The numbers of
markers inherted from each parent were very similar. 272 from E. grandis and 286 from
E. urophylia. RAPD fragments sizes ranged from 3335 bp to 207 bp, with an average of
979+570 bp for E. grandis and 9104521 bp for E. urophylla. The replicated design used
(see Material and Methods) throughout the mapping phase yielded a repeatability
estimate of 92.4%. From the 558 RAPD markers, 5§16 were fully repsatable In both
replicates while 42 were not, 20 from E. grandis and 22 from E. urophyila. These markers
either could be scored in the first set of progeny and not in the second or vice-versa.
With no exception, ali of them were originally classified as class 1 markers denoting low
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amplification intensity and/or difficulty in scoring due to co-migrating fragments. Such
fragments were not considered in further analysis,

Linkage analysis. Segregation ratics that departed from  the Mendelian
expectation of 1:1 at o= 0.05 were detected at 10 marker locl in E. grandis and 10
marker loci in E. urophylla. No departure was detected at a= 0.01. These apparently
distorted markers (denoted by an asterisk following the marker identification) are
clustered on only 2 linkage groups in £. grandis (groups 6 and 7) but are scattered in 6
linkage groups in E. urophylia (Figures 3 and 4). Note that ot a= 0.05, consldering a
total of 800 marker loci, around 25 of these are expected to display this behavior due
to chance alone. Therefore, at this point we have no reason to suggest that such
distortions have a biological basis. Such an indication may be drawn from the
examination of a larger sample of meiosis. Futhemore, the parents of the mapped trees
would be necessary to study the specific origin of the observed distortion, i.e, excess of
the dllele of one grandparent versus deficiency of the dllele from the other. Only
markers that passed the single-locus segregation test were initially used in the linkage
grouping analysis. Distorted markers were |ater placed on the map by detemining
their most probable location in an already established gene order.

Linkage relationships of the segregating markers were established using both a
x2 test for independence of segregation at a threshold value of 15.00 and by two-point
mapping (LOD 5.0 and max. &= 0.25). Both linkage analyses agreed very closely.
Overall, linkages were robust at a LOD score range from 4.0 to 6.0. In view of the large
number of markers, at lower LOD scores, especially below 4.0, occasional spurious
linkages resutted in the agglomeration of some linkage groups, while increasing LOD
scores beyond 6.00 would result in fragmentation of linkage groups. At LOD 5.0 the
matemal £ grandis map has a total of 240 markers into 14 linkage groups and the
paternal E. urophylla map 251 markers in 11 linkage groups (Figures 3 and 4). Twelve

markers for E. grandis and 13 for E. urophylia remained unlinked at LOD 5.0. Atthough
they were linked at a lower LOD (3.0), and higher 8 (0.35). they did not contribute any

significant additional information in terms of genome coverage and therefore they were
left out of the final map versions. The proportion of unlinked markers found (4.5%) i
smaller than those reported for other single-dose marker linkage mapping studies (e.g.
10% in potato (GeBHARDT et ol 1988); 15.4% and 12.9% in sugar cone (AL-JANAB! et al.
1993: DA Sitva ef af. 1993)).
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locus ordering and map constfruction. Both Eucalyptus species have n=11
chromosomes, and therefore 11 linkage groups were expected in each map. This
expectation was met for the E. urophylia map but not for the E. grandis map. However,
for E. grandis, lowering the threshold LOD score to 4.0 and increasing 8 to 0.35 would
result in  the merging of 3 pairs of linkage groups leading therefore to a
comespondence between number of linkage groups and number of chromosomes.
The following mergers with the respective highest LOD score between markers on
separate groups would take place: groups 8 and 12 (LOD score 4.3 between markers
N6_634/1 and K9_534/2); groups 11 and 13 (LOD score 4.4 between markers B6_759/1
and X12_530/2); groups 1 and 6 (LOD score 4.05 between V7_450/2 and L16_389/2)
(Figure 3). In spite of the possibility of merging some linkage groups to atiain the
expected number of chromosomes, it was found more appropriate to assemble both
maps with the same statistical stringency allowing for more meaningful comparisions
between maps. An excess of linkage groups in relation to the haploid chromosome
number has been reported for other species (e.g. bean (NODARI et al. 1993). lettuce
(KESSELI, PARAN and MICHELMORE 1990)).

The linkage groups were constructed using markers in - both linkage phases.
Markers on one linkage phase are indicated with a “+° sign following the marker
identification code, while markers on the clternative phase are indicated with a ™" sign
(Figures 3 and 4). Matrix comelation was used to get a preliminary locus ordering. Based
on this first approximate order, a subset of candidate framework marker loci was
selected spanning the whole linkage group at distances varying between 5 and 20
cM. This selection was based on a sequence of criteria, that by order of priorty were
as follows: D fragment intenstty of amplification score; i) ease of marker scoring In view
of co-migration of other fragments or smearing that could lead to emors in genotyping
(gel photo was reviewed); i) number of missing data; iv) sze of amplified fragment
(below 2000 and above 300 basepairs). Candidate framework markers selected were
again ordered using matrix comelation. This linear order was then tested by pemutating
all possible sets of 3 adjacent markers. A final framework order was accepted when the
log-likelihood difference between the initial order and «all the attemative local
permutations was at least -3.0. Therefore, the framework map orders presented are
approximately 1000 times more likely than the next best orders. When local differences
of less than -3.0 were observed additional markers were excluded from the framework
at the regions of ambiguous ordering, and the analyses perfomed again. Generally
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after one or two such iterations, a final order was attained. This final framework order
was then compared to the order obtained by simulated annealing implemented by
GMENDEL. With the exception of a few two-marker order permutations the framework
orders obtained were the same. Segments of the framework where order ambiguities still
pemsisted, were analyzed using error detection functions of MAPMAKER 3.0 that display
potentlal genotyping erors. Gel photos were re-checked for potentlal scorng emors. In
the few instances where the data point was dubious, it was treated as missing data
and the ordering analysis performed again.

Markers that could not be placed on the map with a 1000:1 odds were
designated as accessory markers and were positioned on the map in relation to the
closest framework marker. Their most likely position was obtained by looking for the
framework locus that displayed the highest LOD score and lowest two-point 0, or
alternatively by looking for the interval with  log-likelihood closest o zero. Accessory
markers are listed on the right of linkage groups (Figures 3 and 4).

Clustering of markers seems to occur throughout both linkoge maps, particularly
in E. urophylia that displays large clusters on groups 2. 5 and 6. However no formal test
for clustering was carried out. Clustering is ¢ common occumence and has been
reported in essentially all relatively dense linkage maps constructed to date imespective
of the organism or technique used to assay DNA polymorphisms: RFLP in tomato
(TANKSLEY et al. 1992) and common bean (VALLEJOS, SAKYAMA and CHASE 1992); RAPD in
Arabidopsis (REMER ef al. 1992) or microsatelites in humans (WEISSENBACH et al. 1992).
Clustering of markers could be an artifact resulting from the limited resolution of our
mapping population. For example, while the Arabidopsis map by Remer ef al. (1992)
displayed clustering. the infegrated map based on larger populations reported by
Hauge ef al. (1993) did not. Attematively, clustering might have a biologlcal basis
reflecting supressed genetic recombination in heterochromatin around the centromeres
and/or in telomeric regions as discussed by TANKSLEY et al. (1992) following studies on the
comelation of genetic and physical structure in the tomato genome (SEGaL ef al. 1992).
As Arablidopsis has a comparatively much smaller proportion of repetitive DNA than
Eucalyptus, tomato and humans, less clustering may be expected a prior if clustering is
due to restricted recombination in regions rich in repetitive DNA.

The great majortty of the accessory markers are within 5 cM of the nearest
framework marker. It is likely that their ordering ambiguity results largely from the
relatively small recombinational distance estimated from @ imited number of meioses
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onalyzed. With 62 meioses. the standard error on  a recombination fraction of 0.05 is
approximately 0.03. However we also observed that 25% of the accessory markers (22 in
88 for E. grandis) and 18.5% (25 of 135 in £. urophylia) were at distances greater than 6
cM (6 ~ 0.05) and could still not be placed in the framework. The ambiguity in the
placement of these markers might be the result of missing data or to errors in
genotyping. The overall fraction of missing data points including both data sets was
8.3%. For the framework markers only, this fraction was 4.5%. In our expermental
conditions, a genotyping error rate <3% was estimated, varying with the RAPD fragment
amplification intensity.

Linkage maps statistics and esfimates of genome size and coverage.
Approximctely 59% of the markers for E. grondis could be placed on the framework
defining a total of 142 loci or locl clusters and 1551 cM of total map distance. For E.
urophylia 47% of the markers could be placed on a framework of 119 loci or loci clusters
covering 1101 cM (Figures 3 and 4). Linkage groups were numbered sequentially from
the longest to the shortest. For E. grandis the average size of linkage groups was 110 +
35 cM and the range from 41.6 cM to 156.9 cM. For E. urophylia the avercge size was
99 + 32 cM and the range from 46.7 to 141 cM. The total number of markers per linkage
group (framework and accessory) vared from 6 (group 14) to 30 (group 5) for E
grandis, and from 6 (group 11) to 39 (group 6) for E. urophylla. The average distance
between two framework markers was 12.2 + 6.3 ¢M for £, grandis and 10.2 + 6.6 cM for
E. urophylia. Both maps have a density of 27 cM, which corresponds approximately to
a recombingtion fraction of 0.25 i.e. no interval between two markers is greater than 27
cM.

Total genome size was estimated for both parents using the method of HulserT et
al. (1987). as described by VALLEJOS, SAKYAMA and CHASE (1992). Only framework markers
were used in this procedure to avoid an coverestimate of genome coverage. For E.
grandis, the matemal parent, a total map distance of 1620 cM was estimated, of which
1552, i.e. 95.8% were covered by the framework map. For E. urophylla, the patemal
parent, the total map distance estimated was 1156 cM, of which 1101 cM, le. 95.2%
were covered. A reasonably equivalent genome coverage In both species and sexes
was therefore achieved with the pseudo-testcross mapping strategy. Given the
estimated total map distances and genome sizes of 641 and 646 Mbp/1C (GRATTAPAGLIA
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and BrADsSHAW 1994), the average physical equivalent of 1 ¢cM would comrespond 1o 395
and 559 kilobase pairs, respectively for E. grandis and E. urophylia.

Confirmation of inheritance and segregation of RAPD markers. The inhertance of
segregating RAPD markers from both parents following the pseudo-testcross
configuration was confimed by DNA hybridization experiments (Figures 5 and 6). A
case of alielism between RAPD fragments in the two parents was tested and confimed
using DNA hybridization. In E. grandis, the RAPD marker G14_927/3 is present in one
allelic form with a fragment sze of 927 bp. In E. urophylla, the same marker Is present in
two dllelic forms: a 917 bp and a 960 bp fragment. in the F1 a 1:1 segregation &
observed for the heterozygote 917/927 (anes 4.5 and 9) bp versus the heterczygote
960/927 bp (lanes 6-8 and 10-13). The hypothesized allelism between the three bands in
the two parents, was confirmed by probing the RAPD gel blot with the 927 bp RAPD
fragment from E. grondis, and detecting signal in all three bands (Figure 5. panel A).
The same principle was used to confirm the homology of markers that segregated 3:1.
Both parents showed bands of equivalent size, and the progeny showed a segregation
ratio that fit a 3:1. DNA hybridization of the RAPD gel biot with a fragment from one of
the parents confimed the hypothesis (Figure 5. panel B). A total of 11 markers were
found in this configuration, i.e. present in both parents in @ heterozygous state therefore
segregating 3:1 in the progeny. In principle. such markers could be helpful to define
homologies between linkage groups in the two maps. We ahttempted to do this using
GMENDEL that analyzes mixtures of segregation ratios (1:1 and 3:1). Although a few
inkages were found ot relaxed thresholds, no reliable map position could be
established with our sample sze. We estimated that the mean amount of information
(ALLARD 1956) supplied by a single individual for such mixture of mating configurations is
only 1/4 (at 8= 0.05) and 1/3 (8= 0.25) of the information in the backcross. Therefore to
achieve adequate power 10 estimate linkage in this case, a larger sample size is
necessary. Fully informative codominant markers such s microsatellites. RFLP's or
isozymes would be highly desirable for this task.

Codominant (size-variant) RAPD markers. Atthough rare, codominant  (size-
varant) RAPD markers were found on both maps. Codominant RAPD markers can
result from small insertions or deletions befween priming sites (WiLLAMS, RAFALSKI and TINGEY
1992). Codominant RAPD's were Inttially hypothesized from the following observation: (1)
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both alielic fragments are present in the same parent and are amplified with the same
primer. (&) F1 indlviduals receive either one or the ¢other qllele. i.e. the two RAPD
fragments are in repulsion and (3) no recombinant genotypes are observed in the F1,
i.e. no individuals with both fragments or null for both fragments. In E. grandis four
marker pairs fit these observations: A10_635/562 (group 5); A11_980/920 (group 7
Y17_525/515 (group 8): Y15_760/740 (group 11). In E. urophyiia also four pairs were found
: U7 11004850 (group 3); Y20_400/390 (group 5) U13_350/320 (group 5); Z11_550/480
(group 6). DNA hybridization experiments confirmed the codominance of such sets of
markers (Figure 6, panel C). Several pairs of RAPD markers were cbserved that satisfied
all the observations outlined above except that the two fragments were amplified with
different primers (e.g. in £. grandis the pair K?_884/3 and K19_448/3 on group 4). For this
category of tightly linked markers in repulsion no DNA hybridization experiments were
caried out. Functionally, as pointed out originally by Wiiams et ol (1990) such pairs of
markers could also be used as a single codominant marker. Overall, however, the
frequency of truly codominant and functionally codominant RAPD markers for the
Eucalyptus species surveyed remains below 3%.

Survey of the presence and allelic state of RAPD markers in different individuals.
A subset of markers from the E. grandis clone 44 map were surveyed for their presence
and allelic state in a second individual tree of the same species (E. grondis 816/2) by
analyzing their segregation in a second F1 progeny set involving 816/2 as a parent.
From a total of 112 RAPD markers surveyed, 37 (33%) were found to amplify in the
second tree. Of these, 20 were also in a heterozygous state and segregated 1:1 in the
F1, while 17 were homozygous, i.e. did not segregate. DNA hybridization experiments
were caried out for § markers that were not shared (Figure 6. panel A). and 10 that
were shared confirming the homology (Figure 6, panels B and C). Only one marker of
the ones tested was found to be misinterpreted, i.e. the RAPD bands were scored s
being the same but in fact were not homologous. This was a relatively large (1500 bp)
fragment. Misinterpretations of this kind are more likely for larger fragments that are not
as efficiently sze fractionated as smaller fragments. In carrying out this kind of RAPD
marker survey we found imperative to run the gels for af least 15 cm, to minimize emors
resutting from co-migrating frogments.

For E. urophylla, after surveying 34 randomly chosen RAPD markers, it was
found that alt of them were present in what was thought to be a different individual of
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the same species. Moreover, all the markers surveyed also segregated in the second Fl
progeny. The possibility that the same E. urophyfia clone 28 had actually been used os
the male parent in the second cross was tested and confimed. A subset of five
markers that were not recombinationally separated in a locus cluster on group 5
(defined by marker U13_350/2) and a second subset of four markers in a locus cluster
on group 8 (defined by marker M4_477/2) were surveyed for linkage on a set of 16
progenies. All the markers were found to be present and no recombinants were found.
Further DNA hybridization experments also confirmed that in fact the same E. urophylia
(clone 28) had been used as the male parent in both crosses (data not shown). This
resutt did not allow us to explore the extent of conservation of RAPD markers in different
individuals of E. urophylla, however it was useful to confirm the stable behavior of
RAPD markers in terms of segregation and linkage relationships In a second cross
involving the same individual tree.

Characterization of genomic sequence complexity of RAPD marker loci. Over
50% of the 48 RAPD fragments surveyed were found to amplify from low copy genomic
regions (1 to 10 copies) and less than 10% originated from very highly repeated regions
(< 1000 copies). Approximately equal frequencies (~20%) were found for fragments
amplified from moderately repeated (10 to 100) and highly repeated regions (100 to
1000) (Figure 7, panels A and B). Similar estimates of genomic sequence complexity of
RAPD marker loci was observed in soybean (WiLuams et al. 1990) and Arabidopsis (RETER
et al. 1992). Based on 48 data points, a simple comelation analysls was caried out
between the following variables: RAPD fragment size in basepairs, amplification Intensity
score and copy number class. The results were as follows: fragment size x intensity score r
= 0.25; fragment size x copy number r = 0.04; intensity score x copy number r = 0.18. In
conclusion, no significant corelation (a= 0.05) was found for any of the three pairwise
analyses, suggesting no particular dependency of the fragment sze or amplification
efficiency of RAPD marker loci on the complexity of the genomic region sampled.

it is important to point out that the sample of RAPD fragments surveyed Iin this
experdment are not randomly chosen RAPD fragments, rather they comespond to O
subset of fragments that behave as genetic markers, map to a single location and
therefore originate from a unique sfte in the genome. WOLFF, MCDOWELL and MACHADO
(1993) found that 48% of random Psfi genomic clones of E. grandis and E. urophylla
were useful as RFLP probes. In our study we found that 53% of the mapped RAPD
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fragments amplified from low copy regions and could potentially be used as RFLP
probes. These results indicate that the genomic library of mapped RAPD fragments,
cobtained in Eucalyptus as a byproduct of this mapping experiment, closely resembles a
genomic library of RFLP probes constructed by the traditional approach.

DISCUSSION

Pseudo-testcross mapping strafegy using RAPD markers. We have used a
‘pseudo-testcross” mapping strategy in combingtion with the RAPD assay to construct
the first reported linkage maps for species of Eucalyptus. In a cross between
heterozygous parents, many single-dose polymorphic markers will be heterozygous in
one parent, null in the other and therefore segregate 1:1 in their progeny as in @
testcross. We use the name *pseudo-testcross™ for this strategy because the testcross
mating configuration of the markers is not known @ prioni as in @ conventional testcross
where the tester s homozygous recessive for the locus of interest. Rather, the
configuration is infemed a posterion after analyzing the parental origin and genetic
segregation of the marker in the progeny of a cross between highly heterozygous
parents with no prior genetic information. When this inference is done for both parents
involved in the cross, the term “two-way pseudo-testcross’ is more appropriately used,

RmTER, GEBHARDT and SALAMINI (1990) described the theoretical background for
linkage analysis of markers segregating in crosses between heterozygous parents. As
mentioned in that work, map construction in aliogamous plant species for which only
heterozygous individuals are available can make use of single-dose polymorphic
markers behaving as dominant markers in an Fl, segregating 1:1 for the presence or
absence of the fragment. These markers were used for genetic mapping in potato
(BONIERBALE, PLAISTED and TANKSLEY 1988; GEBHARDT et al 1989). and recently allowed
genetic mapping in polyploid sugar cane (Wu et al. 1992; DA Silva ef al. 1993; SOBRAL
and HONEYCUTT 1993; AL-JANAB et al. 1993). We and others observed this same mating

configuration when analyzing genetic segregation of RAPD markers in F1 crosses of
forest and fruit trees, and suggested its wide applicability for genetic mapping in this
group of highly heterozygous largely undomesticated species (CARLsON et al. 1991
GRATTAPAGLA, O'MALLEY and SEDEROFF  1992; Rov et al. 1992; LawsoN, HEMMAT and WEEDEN
1992).
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The pseudo-testcross mapping strategy is conceptually simple to implement and
can be applied with any type of molecular marker. However its potential can be befter
explored with the efficiency of the RAPD assay in pre-screening marker polymophisms in
search of the informative test cross configurations. The fact that the RAPD assay is
sensitive 1o single base changes, contributes to a higher efficiency in scanning the
genomes for polymorphisms. Moreover, the fact that RAPD detects only one allele at a
locus faciltates the occumence of pseudo tescross configurations, because the
necessary null genotype of one of the parents actually comesponds to undetected
alleles. In qgddition to that, the RAPD assay is technically simple and fast to perform
facilitating the initial screening step. Following our screening procedure in Eucalyptus, 36
arbitrary primers could be easily screened in a single working day, yielding an estimated
1.82 markers/primer, i.e. 65 markers from both parents taken together. Finally, the
segregation ratio observed for a dominant RAPD marker in this configuration has the
same information content as that of a codominant marker. Evidently, a highly
polymorphic., muttiallelic marker that detected all four allelic variants of the mating
configuration, (e.g sequence tagged microsatelite site), would contain more genetic
information (MORGANTE and OUVIER 1993).

The use of RAPD markers in a pseudo-testcross configuration is a general strategy
for the construction of genetic linkage maps in outbred forest trees as well as in any
highly heterozygous living organisms. ft can be immediately applied to any species
without any prior genetic information. The only requirements are sexual reproduction
between two individuals that results in the generation of a progeny large enough 1o
allow the estimation of recombination frequencies between segregating markers. Hs
efficiency will be directly proportional to the level of genetic heterozygosity of the
species under study., which is a function of the mating system. and the genetic
divergence between the individuals crossed. in our study we employed an interspecific
cross between highly heterozygous individuals from two closely related outcrossing
species, thus increasing the probabilty of finding pseudo-testcross marker
configurations. We only found 11 markers heterozygous in both parents thus segregating
3:1 compared to 558 markers in a test cross configuration, segregating 1:1.

The pseudo-testcross strategy should also be efficient at the intraspecific level
and increasingly so with crosses of genetically divergent individuals from geographically
distinct origins. In a survey of 112 mapped markers, we found that only 33% were shared
petween two individuals of the same species and different provenances. We suggest
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that at the intraspecific level, the mapping efficiency of the pseudo-testcross strategy.
measured by the number of informative markers/arbitrary primer should reach between
60 to 70% of the one reported In this study, that is ~2.4 instead of 3.69 markers/selected
primer. With individuals from the same population, this number will tend to be lower, as
more markers will be shared. In a group of 38 heterozygous clones of Solanum
tuberosum the informativeness of RFLP probes for direct segregation analysls in Fi
populations varied from 49% to 95% indicating that linkage mapping using F1 progeny
should be feasible for most combinations (GEBHARDT ef al. 1989). Test cross RAPD marker
configurgtions were often observed at the Infraspecific level in other highly
heterozygous forest tree species, however no estimates of frequencies per arbitrary
primer were given (CARSON ef al. 1991; Roy ef al. 1992).

The pseudo-testcross strategy basically extends the haploid mapping approach
used for conifers, to any other angiosperm tree species. The final result is essentially the
same, i.e. linkage maps for individual trees, however it requires performing a controlled
cross. On the other hand it is more time and cost efficient since gametic segregation
from two individuals or twice the heterozygosity is surveyed simultaneously in the same
PCR reacticn, both in the primer screening and in the mapping phase. Therefore, even
in conifers, the pseudo-tesicross could potentially be the mapping strategy of choice
for quickly generating single-tree linkage maps.

Genetic linkage maps of single individuals. The genetic linkage maps
constructed in this study (Figures 3 and 4) are individualspecific, The pseudo-testcross
strategy is specifically based on the selection of single-dose markers present in one
parent and absent in the other. In our maps, no RAPD markers are in common and so it
is not possible to determine homologies of linkage groups in the two maps or integrate
the two maps into one. Overlap of RAPD marker occurrence and linkage relationships in
genetic maps of different individuals will depend on the presence of the same RAPD
marker loci and their allelic state. While at the interspecific level, the overap will be
very low, at the intraspecific level, it will be Increasingly high as individuals from the
same population are used. In this study we found that 33% of the mapped markers in E.

grandis were present in a second individual of the same species but from a very distinct
origin, and 54% of those were also in a heterozygous state. Indirect evidence for the
occurrence of the same RAPD markers across different individuals of the same
population come also from studies that employed RAPD markers to estimate outcrossing
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rates in stands of E. urophylia (GRaTTAPAGLA, O'MALLEY and SEDERCFF 1992) and Dafisca
glomerata (FRITSCH and RIESBERG 1992).

To Integrate linkage maps constructed by the pseudo-testcross strategy.
multialielic codominant markers with alleles segregating from both parents wouid be
most efficient, providing a set of common loci which could be used as locus bridges. In
this study, 11 dominant RAPD markers were shared by the parents and could in principle
be used to assign linkage groups homologies between the two maps. Howsever, due to
the low information content of the mixed mating configuration, a larger sample size
would be necessary to achieve adequate power to accomplish such assignment. More
than 50% of the RAPD fragments mapped in this study are low-copy. and could
potentially be used to detect codominant RFLP's. Although such markers could be
helpful in connecting linkage groups, a complete map merging would still be fairy
difficutt 10 achieve, since comect locus ordering among the markers not in common
between homologous linkage groups would not be known (B. H. Lu, personal
communication). Statistical integration of mapping data from different populations of
Arabidopsis was shown to be problematic, especially in regions containing low densities
of common markers between maps (Hauce ef af. 1993). As mentioned earlier, multialiglic
markers such as microsatelites would be very powerful and desirable for this purpose, In
the context of the breeding applications envisaged for these linkage maps in forest tree
breeding, map merging is not immedicately necessary , but it will become important in
subsequent generations of breeding and selection (see discussion below).

No morphological traits or other single gene traits that could potentially be
placed on these maps. segregated in the populdation used for map construction. To our
knowledge no simply inherted traits are presently known in Eucalyptus that could be
placed on any genetic map, with the exception of Isozyme loci. The same screening
procedure with parents and a subset of progeny could be used for mapping Isozymes
loci. Informative configurations of isozymes genotypes in the parents would result in
efther 1:1 or 1:.2:1 segregdation ratios in the F1, and mapping of the Isczyme locus could
be achieved in only one or both maps respectively. The existing RAPD linkage maps
provide a scaffold where even distant linkage relationships of isozymes could be
determined. On the other hand., isozyme loci would provide anchor loci for single-tree
map comparisions and merging.

We obtained equivaient genome coverages on the two maps in spite of
different estimates of total map distances. This suggests that the difference in total map
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distance observed between the two species and sexes are biologically significant.
However no distinction is possible at this point between a species specific, sex specific
or individual specific difference in genetic recombination. f applied within species,
however, the pseudo-testcross strategy should provide a valuable tool to study specific
differences in general recombination rate. Genome sizes estimated in our study are well
within the range of several other species (listed by NoDAR ef al 1993). However,
genome coverages found in our study are slightly higher than those found in other
maps. A good comparative example in this respect is common bean, that has genome
characteristics similar o eucalypts, (n= 11 chromosomes; genome size around 600 Mbp).
Approximately 80% of the genome could be covered with a framework map of 145
RFLP loci (VAaLLEJOS, Sakiyama and CHASE 1992). Besides intrinsic biological differences in
levels of DNA polymorphism and rates of recombination, one of the possible reasons for
the observed difference in genome coverage could be the result of a more efficient
genome sampling by RAPD markers as compared to the RFLP technique, particularly for
genomic regions rich in repetitive DNA.

Framework maps at a likelihood ratio support >1000:1 were constructed (Figures
3 and 4). This presentation of the data Is convenlent for selecting a subset of evenly
spaced framework markers to initially scan the genome for QTL mappling. Recent
simulation studies have shown that wide marker spacings of 20 or even 80 cM are
optimal for this task (Darvast et al. 1993). A more focused search for the exact posttion of
GITL's can then be done with the available nearby accessory markers. If more markers
are stil needed in a region of interest, genetic walking based on genctype pooling
techniques could be used (MICHELMORE, PARAN and KESSEU 1991 GIOVANNONI ef al. 1991;
ReITER ef al. 1992).

Toward marker assisted breeding strategies In forest frees. It has been long
recognized that one of the problems facing marker assisted breeding in outbred

species such as forest trees is the linkage equitlibrium between marker loci and genetic
loci of interest (SOLLER 1978; BECKMANN and SOLLER 1983; NEALE and WILLAMS 1991; LANDE
and THOMPSON 1990: STRAUSS, LANDE and NAMKOONG 1992). With linkage equilibrium,
marker-trait associations established in one cross, would not hold in a second pedigree,
since marker and QTL alleles would be randomly associated. As pointed out earlier, one
solution would be to construct maps for each genotype In the breeding population
(NEALE and WilAaMS 1991; Gramrapacua ef al. 1992). This was considered a task that
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depended on significant advances in the ability to obtain marker data. The RAPD
technology provided this advance by allowing the construction of a 200 marker linkage
map in Pinus taeda in é person per month (GRATTAPAGLA et al. 1991). In this study, with
the pseudo-testcross strategy and RAPD markers we constructed two linkage maps
simuftaneously in gpproximately 5 person per month.

The ability to construct genetic linkage maps quickly in any forest tree opens the
way to the heterodox proposal of constructing maps for individual trees in a breeding
population. The paradigm of an index linkage map for a species is an attractive one for
comparative mapping applications. However it does not seem adequate as the Initial
approach for establishing marker/iraits associations for breeding in  allogamous
populations with a wide genetic base such as those of forest trees. Rather, the
progressive accumulation of individual linkage maps with subsets of common markers
among them will make obvious the relationships of linkage groups in different maps. This
will eventually lead to a unified map where general regions assoclated with trait
expression could be identified. Multiallelic co dominant markers such as microsatellites
would then be highly desirable specifically bracketing such reglons to facilitate thelr
manipulation in breeding. Although such "population level” or general quantitative trait
loci (QTL) should exist, their relative importance In the overall level of genetic variation in
quantitative traits in forest trees is still unclear. The identification and manipulation of
QTl's specific to individual trees might emerge as being more Important for the
advancement of quantitative traits by marker assisted breeding.

Based on the proposal of individuakspecific linkage maps, the Integration of
mapping information into tree breeding programs would involve four basic steps, briefly:
(1} construction of moderate density individual tree maps for elite genotypes, in a two-
by-two fashion using the “two-way pseudo-testcross” strateqy; (2 localzation of
favorable alleles at qualitative and quantitative trait loci of interest on these maps, by
analyzing the performance of an extended set of the fulksib family used for map
construction. This extended set of progeny would be initially genotyped only for a
subset of evenly spaced framework markers, followed by o finer search with accessory
markers in regions of interest. Attemadatively half-sip families of the mapped individuals
could also be used for this purpose. In this step, retrospective QTL analysis using existing
full and hatlf-sib families at harvest age would be highly preferable in order to gather
the necessary quantitative data in acceptable time. Power and precision in QIL
mapping would be greatly enhanced by using large family block plantations (> 1000
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individuals) and clonal replication of genotypes when possible; (3) validation of marker-
trait associations by replication and prediction experiments; (4) marker assisted selection
of progeny, or retrospective selection of parents for planned recombination in
subsequent generations of breeding. Given that close linkages are established in the
mapping phase, the decay of marker-trait associations with time, would not be of
immediate concem in the context of the long generations of tree breeding.
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Figure 3. GENETIC UNKAGE MAP OF Eucalypfus grandis CLONE 44. Linkage relationships of 240
RAPD markers in 14 linkage groups were established at a threshold LOD score 5.0 and
maximum 6 = 0.25. A framework map of 142 loci or loci clusters (indicated in bold lefters
along the linkage groups) that could be ordered with a fikellhood support 21000:1 was
assembled covering 95.8 % of the estimated genome size. RAPD marker loci that could
not be ordered with equal confidence were designated as accessory markers and are
listed on the right of the linkage groups along with the approximate cM distance to the
closest framework locus. RAPD marker loci are identified by the Operon primer code,
fragment size in base pairs, fragment amplification intensity and linkage phase (+ or -)
(see Materials and Methods). A RAPD marker locus showing significant  distortion from
1:1 segregation ratio, is indicated by an asterisk.
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Figure 4. GENETIC LNKAGE MAP OF Eucalyptus urophylla CLONE 28. Linkage relationships of 251
RAPD markers in 11 linkage groups were established at a threshold LOD score 50 and
maximum 0=0.25. A framework map of 119 loci or loci clusters (indicated in bold letters
along the linkage groups) that could be ordered with a likelihood support >1000:1 was
assembled covering 95.2 % of the estimated genome size. RAPD marker loci that could
not be ordered with equal confidence were designated as accessory markers and are
listed on the right of the linkage groups along with the approximate cM distance to the
closest framework locus. RAPD marker loci are identified by the Operon primer code,
fragment sze in base pairs, fragment amplification intensity and linkage phase (+ or -)
(see Materials and Methods). A RAPD marker locus showing significant  distortion from
1:1 segregation ratio, Is indicated by an asterisk.
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Figure 5. Sequence homology tests of RAPD markers. Panels show the RAPD gel profiles
and the comesponding outoradiograms where the indicated RAPD fragments were
used as hybridization probes under high stringency to confirm RAPD fragment homology
within the parents/progeny set. RAPD assays were performead with genomic DNA of the
parents E. grandis clone 44 and E. urophyila clone 28 (respectively second and third
lanes of each panel) and a progeny sample of 10 F1 individuals. Segregating
informative RAPD markers are Indicated by arrows. First lane of gel profiles are 1 Kb DNA
ladder sze standards (BRL) (o= 1018 bp; b= 506 bp). Panel A: confirmation of qllelism
between RAPD fragments G14_917, G14_927 and G14_950 amplified in the two parents
(see Results for details); Panel B: confimation of homology of a RAPD marker locus
(G2_720/3) heterozygous in both parents and therefore segregating 3:1 in the Fl

progeny.







Figure 6. Survey of the occurrence of RAPD markers in different individuals of E. grandis.
Panels show the RAPD gel profies and the comesponding autoradiograms where the
indicated RAPD fragments were used as hybridization probes under high stringency to
confirm RAPD fragment homology. RAPD assay was performed on genomic DNA of
two sets of parents and 10 F1 progeny each. Lanes from left to right: E. grandis clone 44,
E. urophylia clone 28 : 10 F1 progeny; 1 Ko DNA ladder sze standard (BRD (letter a on
the far left indicates the position of the 1018 bp standard), E. grandis clone 816/2, E.
urophylia clone 28, 10 F1 progeny. Panel A: RAPD marker N15_1079 present in clone 44
and not in clone 816/2; Panel B: RAPD marker M5_961 present in both E. grandis clones
in @ heterozygous state thus segregating 1:1 In both crosses; Panel C: confirmation of
codominance of marker pair A11_980/A11_920. The hybridzation experiment also
shows that this RAPD marker Is olso present in clone 816/2 in a heterozygous state with
the 980 bp allele and a third see-varant allele, A11_970. This marker locus therefore
segregates in both crosses in a codominant fashion, with one allele in common
between the crosses.







Figure 7. Characterization of genomic sequence complexity of mapped RAPD marker
loci. Panel A: top horizontal dot blot comesponds to @ control blot with a reconstruction
experiment where signals indicate a sequence represented by (1) 1 copy: (2) 10 copies;
(3) 100 copies; (4) 1000 copies (see Materials and Methods for details). Vertical dot blots
and corresponding EcoRl Southem biofs show RAPD fragments classified in the following
copy number classes: (1) low copy (3-10 copies): (2) moderately repetitive (10-100
copies): (3) highly repetitive (100-1000 copies) and (4) very highly repetitive (>1000
copies). Dots contain (@) negative control, 5 pg heming sperm DNA: (D) 5 pg Eucalyptus
genomic DNA; (¢) 0.5 pug : (d) 0.05 pg. Panel B: frequency histogram of genome
complexity classes of mapped RAPD markers based on a sample of 48 RAPD markers.
Numbers on X axis correspond to the same copy number classes described above.
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ABSTRACT

In this study we have exended the combined use of the “pseudo-testcross’
mapping strategy and RAPD markers to map QTLs controlling traits related to the abiiity
of vegetatively propagate frees in Eucalyptus. QTL analyses were performed using two
different interval mapping methods. A total of 10 putative QTLs were detected for
micropropagation response (measured as frash weight of shoots, FWS), 6 for stump
sprouting ability (measured as # stump sprout cuttings, #CUTTD) and 4 for rooting ability
(measured as % rooting of cuttings, BROOT). With the exception of three QILs, both
interval  mapping methods vielded similar results in terms of QTL detection.
Discrepancies in the most likely QTL location were observed between the two methods,
although in 75% of the cases the most likely position was efther in the same or in an
adjacent interval. Standardized gene substitution effects for the QTls detected were
typically between 0.46 and 2.1 phenotypic standard deviation (op), while differences
between the family mean and the favorable QTL genotype were between 0.25 and
1.07 op. Multipoint estimates of the total phenotypic variation explained by the QTls
(52.5 for FWS, 28.2% for #CUTT, 32.6% for %ROQCT) indicate that relatively large numbers of
genes control the traits investigated, however major effect Qils for rooting and
micropropagation response were identified. The QTL mapping information indicates
that E. grandis is responsible for most of the inherited variation in the ability to form
shoots, while E. urophylla is for rooting. QIL mapping in the pseudo-testcross
configuration relies on within-family linkage disequilibrium to establish marker/trait
associations. With this approach one can contemplate QTL analysis in any available full-
sib family generated from undomesticated and highly heterozygous organisms such as
forest frees. QTL mapping on two-generation pedigrees opens the possibility of using
already existing families in retrospective QTL analyses allowing one to gather at once
the quantitative data necessary to move into marker-assisted tree breeding.

INTRODUCTION

Vegetative propagation is a powerful way to capture the genetic superiority of
a selected individual. In clonal propagation, both additive and non-additive sources of
genetic variation contribute to the gain, while In sexual propagation the gain i
achieved exclusively on the basis of the interfamily component of the genetic variance.
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Very little information Is available on the genetic basis of such traits. Easy and hard-to-
root species of Eucalyptus have been identified (Hartney 1980). However, most of the
existing information is either anecdotal or proprietary in nature and therefore not
published. No estimates of genetic parameters such as hedtability or information on the
genetic control and architecture of vegetative propagation traits are available for
forest trees.

Genetic linkage maps of molecular markers offer a powerful tool to Investigate
the genetic architecture of polygenic traits and potentially assist in their manipulation
through marker-assisted selection and breeding. A number of studies in recent years
have used molecular markers to investigate the inheritance of quantitative traits. Results
to date strongly support the existence of a few major genes controling large
proportions of the total variation in a wide range of quantitatively inherited traits
(reviewed by Stuber 1992; Dudley 1993). These studies, however, have been limited to a
few annual crop plants and have been performed using segregating populations
derived from crosses between inbred lines. Such populations are not available In trees
and are difficult 1o obtain due to a significant genetic load and time constraints. To
circumvent this limitation we recently adopted a “two-way pseudo-testcross® approach
and RAPD (Random Amplified Polymorphic DNA) markers to construct linkage maps for
individual trees of Eucalyptus (Grattapaglia and Sederoff 1994). In this study we extend
the use of this approach for QTL analysis. We report the identification of quantitative
frait foci (QTLs) controlling significant proportions of the phenotypic variation in traits
related to the ability to vegetatively propagate trees in Eucalyptus grandis and E.
urophyila. The results presented provide the first insights into the possibility of marker-
assisted breeding of these traits in forest tree improvement programs.

MATERIAL AND METHODS

Plant Material. The experimental material consisted of a single controlled cross
between two highly heterozygous elite trees. Eucalyptus grandis (clone 44, Coffs Harbor
provenance, Australia - selection from g Zimbabwe seed source), used as the female

parent was crossed to E. urophylia (clone 28 selection from Rlo Claro land race, Brazil),
used as male, in 1989 at Aracruz Florestal S.A.. Brazil. Sixty two F1 individugls of this
population had been used for the construction of genetic linkage maps (Grattapaglia
and Sederoff 1994). For this study. the mapping population was expanded to 122




194

Therefore the full benefit of broad sense heritability is realzed rather than only some
portion of the narow-sense heritability.

In horticulture, vegetative propagation of desired piant phenotypes has been
used successfully for centuries (Hartman and Kester 1983). In forestry, however, aside
from a few genera like Populus, Salix and Cryptomeria, vegetative propagation of *plus”
trees has not been used extensively in most operational forest planting programs (Zobel
and Talbert 1984). This is largely because cuttings from physiologically mature trees of
many species are difficult or impossible to root.

Species of the genus Eucalyptus constitute the majority of the world's plonted
hardwood forest and one of the world's main sources of cultivated biomass (Eldridge ef
al. 1993). In sprouting species such as the eucalypts. the stump sprouts are
physiclogically juvenile and can be rooted. therefore allowing in principle. clonal
propagation of individuals. Propagation systems based on rooted cuttings have been
optimized and implemented at the production level, resulting in outstanding gains in
productivity and uniformity (Campinhos and lkemori 1980; Detwaulle 1985). Currently,
the largest operational clonal forestry programs are with species of Eucalyptus. In the
tropics, such operations yield the highest productivity of woody biomass on earth
(Brandao 1984).

As an alternative to rooted cuttings, methods of micropropagation by tissue
culture have been developed for several species of Eucalyptus (DeFossard 1974: Gupta
and Mascarenhas 1987). Some progress has been made in micropropagation of adult
selected trees, trying to mitigate the problem of lack of propagation potential due to
maturation. Atthough in vitro methods are not economically viabte for large operations,
they have been used as an efficient way to ropidly develop a “sprout nursery” to
produce the number of cuttings needed for operationa planting (Grattapaglia et a.
1990).

The ability to sprout, root and respond to tissue culture vares widely both within
and particularly across species of Eucalyptus (Hartney 1980; Zobel 1993). Varation in
rooting abiltty frequently dictates which trees will be available in a planting operation,
severely limiting the use of clonal propagation when particular species are the most
desired. For example Eucalyptus globulus which has some of the best wood properties

for cellulose pulp production roots very poorly. The transfer of vegetative propagation
traits by intra and interspecific hybridization is an increasingly important objective in
many breeding programs, that aim at exploring the benefits of clonal propagation.
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individuals. Seeds were originally geminated on solid agar containing half-strength MS
medium (Murashige and Skoog 1962) under a 14 hour photoperiod. The population
was immortalzed by establishing clonal cultures of the individuals by vegetative
propagation in vitro on maintenance medium (half-strength MS medium supplemented
with 0.005 mg/l IBA, indckbutyric acid). Rooted plantlets produced in vitro were
transplanted to containers containing a fertilized 1:1:1 mixture of vermiculite, soil and
peat moss under mist irigation for two weeks. After two months of growth, two similar
looking plants per individual were transplanted to large (20 liters) pots and managed for
fast growth ond cutting production.

Experimental designs ond firaifs measured. The following quantitative traits
related to vegetative propagation response were evaluated: (1) micropropagation
response (fresh weight of in vitro micropropagated shoot clumps, FWS): (2) sprouting
(number of stump sprout cuttings, #CUTT); (3) adventitious rooting response (percentage
of rooted cuttings, %ROOMN. Two plants per individual were used for phenotype
evaluations. Although limited, this clonal replication of the individuals provided some
increased precision in trait measurement. Micropropagation response was analyzed by
a randomized complete block design with two blocks and two explant plots. Explants
were stem segments containing one axillary meristem derived from plants grown in
maintenance medium. We had previously determined that the two basal axillary nodes
are the most consistently responsive to induction of shoot growth in tissue culture
(Grattapaglia. unpublished). Therefore only these explants were used to control for this
source of inherent physiclogical variation. Fresh and dry (24 hours at 105°C) weight of
shoot clumps were evaluated at 25 days of culture. Because dry and fresh weight were
found to be highly comrelated traits in our study (r=0.98), QTL analyses were performed
only for fresh weight.

For coppice and rooting response, two potted plants per individual were grown
for three months (~2 cm stem diameter) and then cut back to stimulate domant buds
to sprout. Sprouting was then evaluated as the number of operational quality (one
node/two leaf) stump sprout cuttings that could be harvested after 60 days foliowing
cut back of the plant. Cuttings harvested in this evaluation were put to root to evaluate
adventitious rooting response. The basal 1 cm of the cutting was dipped into a 5000
ppm IBA solution in talc and placed into a rooting medium consisting of a fertilized 3:1
mixture of vemiculite and pine bark. A variable number of cuttings was therefore used
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to evaluate rooting response, and the measurement was recorded In terms of percent
cuttings abie to root. The experiment was a randomized complete block design with
two blocks (corresponding to the two potted plants) and o variable number of cuttings
per piot.

RAPD marker genolyping. DNA extractions, RAPD assay conditions, marker
identification and scoring were performed as described elsewhere (Grattapaglia and
Sederoff 1994). RAPD markers in the pseudo-testcross mating configuration are present
in a heterozygous state in one parent and absent in the other or vice versa, and
segregate 1:1in the F1 generation. Two separate sets of linkage data are obtained, one
for each parent. A total of 1656 markers for E. grandis and 166 for E. urophylla that
segregated accordingly (x2 test at a=0.05) were employed in this study. These included
100 and 83 framework markers respectively for E. grandis and E. urophylla. Markers
assigned to the framework map were those that had been previously ordered with @
likelihood support > 1000:1 (Grattapaglic and Sederoff 1994).

Data analysis. Although all the RAPD markers used in this study have been
mapped previously (Grattapaglia and Sederoff 1994), genetic maps were calculated
from the genotypic data de novo and checked for consistency with the previously
reported maps. Llinkage relationships among markers were determined  using
MAPMAKER (Lander ef al. 1987). To allow the detection of linkage of RAPD markers in
repulsion phase the data set was duplicated and recoded. LOD 5.0, and maximum
6=0.30 were used as linkage thresholds for grouping markers. The sofftware program
GMENDEL (Liu and Knapp 1990) with threshold P value= 0.0001 and 6=0.30 was also
used for the linkage analysis.

QIL mapping analysis was performed using interval mapping methods
implemented by MAPMAKER-QTL (Lander and Botstein 1989) and QTLSTAT (Knapp ef o,
1992). QTL analyses were performed on the mean trait value of the F1 individudls,
computed as the average of plot means across the two blocks (stock plants). The
genetic analysis was caried out under a backcross model. Separate analyses were
performed on each parental linkage map. A LOD score threshold of 1.6 or nomingi
significance level of p=0.01 were used o declare the presence of a linked QTL in the
interval. With this stringency and given the number of markers per chromosome used, a
per-chromosome false positive rate of 5% was ensured as estimated numerically by
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Darvasi et al. 1993. For each LOD peak, the 1.0 LOD support intervals were determined.
For alf detected QTLs, the percentage of varionce explained as estimated by
MAPMAKER-QTL and QTLSTAT (as non-linear R2), and the shifts in trait value in
phenotypic standard deviations were also reported. When linked QTLs with no
overlapping 1.0 LOD support intervals were detected. the locus with highest LOD score
was fixed and the chromosome scanned again for the linked effect. Multipoint
estimates of the total variation explained by the mapped QTls were obtained by
interval mapping with MAPMAKER-QTL and by muitiple liner regression using PROC GLM
(SAS 1988).

RESULTS

Linkage maps calculations. The majority of the RAPD markers used In this study
were previously classified as framework markers, l.e. thelr order was established with a
likelinood support >1000:1 (Grattapaglia and Sederoff 1994). On the linkage maps, they
are identified with bold type (Figures 1 and 2). When genotyping with RAPD markers,
each arbitrary primer amplifies more than one segregating marker. S0, in addition to the
target framework markers, accessory markers are obtained by default. Most of the
markers used were framework markers (100 of 165 in E. grandis and 83 of 166 in E
urophylia), however data for accessory markers were also obtained and included in the
analysis when assembling the linkage maps and canrying out the QTL analysis. A LOD
score of 5.0 and maximum 6= 0.30 were set as linkage thresholds for grouping markers.
Map distances in centimorgans were calculated using Kosambi's mapping function.
Orders of marker loci in each linkage group were established using a matrix cormrelation
method implemented by MAPMAKER. The orders obtained compared very cClosely to
the orders resulting from simulated annealing performed by GMENDEL. In the maps
presented the order for the framework markers (in bold type) conforms to the 1000:1
likelihood support. The locus order support was relaxed 1o a 100:1 when bulliding the
maps to include ali markers.

The framework marker orders of these maps (based on 122 meiosis), are well
conserved when compared to our previously published maps (based on 62 meiosis). In

E. grandis, there were four cases involving a switch in the order of two adjacent
markers: Z18_1630 and R16_820 on group 8; R16_730 and N7_1322 on group 6; P8_1350
and R15_1650 on group 2 and U19_800 and R20_1080 on group 4. There were three
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cases of a single marker out of the original order: marker X15_600 on group 5, marker
N13_533 on group 7 and marker Y15_740 on group 9. In E. urophylla, there were three
cases of switch in order of adjacent markers : markers B7_1549 and A18_509 on group
3; marker pairs G5_304 and G2_1444 and K12_631 and P8_570 on group 11. One triplet
of markers was inverted in orentation (markers X4_300, T12_1500 and Z16_1480) on
group 5. There were five cases of a single marker out of order: marker L17_560, on group
2, 216_344 on group 6, K3_290 on group 8, X17_2100 on group 9 ond M4_1027 on group
10.

In E. urophylla, the original marker linkage grouping remained the same. In E.
grondis, however, one case of breakage and two cases of mergers of previously
reported linkage groups were observed. Groups 8 and 12 merged into one. Group 11
was split in two pieces (designated 11a and 11b) which in tum were linked to groups 9
and 13. Although the total number of linkage groups was reduced from 14 to 12, It is still
one more than the expected number based on the haploid number of chromosomes in
Eucalyptus grandis (n=11). The mergers of groups 8 and 12 and groups 11 and 13 had
been suggested previously (Grattapaglia and Sederoff 1994). However LOD scores for
linkages were below the adopted threshold for grouping (LOD<5.0) and thus these
groups were kept apart. This study, involving a larger number of meiosis. increased
power and precision to the linkage analysis and resuted in a more likely hypothesis of
linkage groups for £. grandis. Significant LOD scores for linkage among several markers in
the merged groups were observed. For group 11, the increased sample size apparently
resolved a case of spurious linkage that had kept the group together originally.

Quanfitative fraits. The two parents of the original cross used in this QIL
experment could not be evaluated for the vegetative propagation traits. Therefore the
trait values for the F1 progeny individuals cannct be compared to the parental
generation. It is known, however, that stump sprout cuttings of E. urophyfia typically root
at significantly higher percentages than E. grandis and that both species have similar
sprouting ability and response to tissue culture (Bertolucci, unpublished resufts;
Grattapaglia et al. 1987). Interspecific F1 hybrids typically display intermediate behavior
for these traits at the family mean level. However, because the individuals crossed are
highly heterozygous, the F1 is genetically heterogeneous, and a significant level of
genetic variagtion exists. This genetic variation was explored in the QTL mapping
experiment. Extreme phenotypes with traits values above two phenotypic standard
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deviations from the mean were observed for all three traits and below the mean for all
traits with the exception of %ROOT that displayed a right skewed distribution (Figure 3).

The frequency distiibutions of phenotypes for the three ftraits showed an
approximately normal continuous variation (Figure 3). Mean, standard deviation and
sample size for each trait are also presented. Sampile sizes for phenotypic measurements
were slightly less than the total number of individuals genotyped. as a result of loss of
individuails either due to contamination in the tissue cutture experiment or loss of plants
in the greenhouse trials. One individual that did not sprout enough to yield operationcl
cuttings but remained dlive following the cut back of the stock plant was included in
the analysis for #CUTT with zero trait value. This individual, for which no cuttings were
available for establishing the rooting evaluation, was not included in the rooting
measurements. Therefore the sample sze dropped from n=%7 t¢ N=9¢% when measuring
%ROOT. There were two individuals that had on the average less than five cuttings per
plant. Because %ROOT estimated for these individuals was based on  such o small
sample of cuttings, QTL analyses were performed both including and excluding these
individuals. No significant differences were observed in the results (data not shown), and
therefore those individuals were kept in the data set. The majority of individuals had an
average of six or more cuttings per plant. Therefore the estimated %$ROOT correspond to
the average percent rooting across the two plants, based on an average of six or more
cuttings each, i.e. atotal of 12 or more cuttings per individual genotype.

For all traits, the analyses were performed on the untransformed phenotypic
data. When using MAPMAKER-GQITL the data were log transformed to more closely fit a
normal distibution and the analyses repeated. However, even for %ROOT, which
displayed a right skewed distribution. the analyses of log transformed data did not glter
any of the results. Therefore all results presented are for untransformed data.

Phenotypic comelations estimated among traits were not significant at a=0.05.
These were: FWS x #CUTT r= 0.17; FWS x %ROQT r= 0.004; #CUTT x %ROOT r=0.07.

QTL analysis. QIL analyses were performed using two different interval mapping
methods. MAPMAKER-QTL (MMQ) was used to estimate QIL parameters and test
statistics at 2 cM interval within every marker bracket and 1o select the most probable
location for the QTL as the location that maximized the likelihood ratio. QTLSTAT (QST)
employs non-linear least-squares to estimate the QTL genotype means and test the
hypothesis of "no QTL" versus the hypothesis of “one QTL" for every marker bracket. The
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QTL Is therefore assigned to a particular marker interval directly, without trying to
estimate the most likely position within that interval.

The results of the two analyses generally agreed closely, with a few exceptions
(see below). A total of ten putative QTLs were detected for micropropagation response
(FWS), six for sprouting ability GCUTT) and four for rooting ability (%ROOT) (Tables 1 to 4).
In three instances, @ genomic region was declared significant based on one analysis
but did not reach the significant threshold for the other. In E. grandis a QIL was
declared on group 3 based on a P=0.003, when the LOD peak was only 1.3. On group 1
a QTL was declared following a P=0.009 when the LOD score was only 1.5. In E.
urophylia on the other hand a QTL was declared based on a LOD peak of 1.6 but the P
value from QST was 0.014. Typically, LOD scores or Wald statistics above the significant
thresholds adopted were cbserved along stretches involving more than one marker
interval. When two linked LOD peaks were observed, with overlapping LOD 1.0 support
interval, only one QTL was declared in the region at the location with the highest peak.
When the LOD 1.0 supports did not overlap. a procedure suggested by Lander and
Botstein (1989) was used. The position of one QTL was fixed and the chromosome
scanned again for a linked QTL effect. Such a procedure was applied for £. grandis in
two regions: on linkage group 1 for FWS and group 5 for %ROOT. Only on linkage group
1 for FWS, after controlling for each peak, sufficient evidence remained (A LOD= 2.9) fo
declaore two linked peaks (Figure 1 and Tables 1 and 2).

in the QTL summaries we report the marker interval where either the highest LOD
score estimated by MM@ or Wald statistic by QST were observed. For MMQ we also
locate the 1.0 LOD support interval (Tables 1 to 4). The results of both analyses generally
agree. However the marker bracket where the highest LOD score was located generally
did not correspond exactly to the one with the highest Wald statistics. For a total of 20
QTL regions, in only eight (40%) did the marker bracket with the highest LOD score
correspond to the bracket with the peak . statistics. Frequently (7 in 20, 35%) we found
that the marker brackets where the LOD and Wald peaks were detected were
adjacent, rather than overlapping, and shared a common marker. This was more
commen for £. grandis than E. urophylla. For example: QTLs for FWS on groups 1, 7 and
8/12 and for #CUTT on groups 1 and 13/11b in £. grandis were located to different but
adjacent intervals in the fwo analyses (Jables 1 and 2). Note that in the majorty of those
cases the most likely position estimated by MMQ was exactly at the shared marker, ie.
QTL position 0.0 cM. Finally we also found cases of non-adjacent, but nearby marker
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intervals (5 In 20, 25%). Different but nearby marker Intervals were located for QTLs
controling #CUTT on groups 2 and 8/12 for E. grandis and FWS on group § and #CUTT
on group 2 in E. urophylia, It is important to point out that in both cases. i.e. adjacent or
nearby, the peak intervals determined by QST were within the 1.0 LOD support interval
estimated by MMQ.

A somewhat different case of disagreement was found in E. grandis. On group 1,
LOD peaks in two intervals were detected for FWS using MMQ.  Although one interval
(P10_1250 - J5_510) was also significant with QST (Wald=13.1), the highest Wald statistics
peak detected in the region was in a nearby interval (Wald= 15.7 in intervai K10_1106 -
¥20_620 - Table 2). in this case, the nearby interval detected with QST was not included
in the 1.0 LOD support interval estimated by MMQ. Although MM&Q provided evidence
for two linked effects, such a statement should be viewed with caution in light of the
disagreement of the two onalyses regarding the exact position of one of the effects, A
larger sample size or Q different analytical approach (Zeng 1994) could help resclve
this issue.

Estimates of the proportion of phenotypic varigtion explained by each QTL were
obtained from MM (Tables 1 and 3). Such proportions were also estimated with QST as
the coefficient of determination (R2) (Tables 2 and 4) for the single locus model from the
least squares analysis of variance table by dividing the Sum of Squares for the QIL
genotype by the total Sum of Squares. The two estimates proportionally agree, with one
exception (see below). However, the proportions estimated as RZ values are always
larger than the estimates of % variation explained from MMQ. For FWS, individual QTLs
explained between 6.8 and 12.3% of the variation, while the conmesponding RZ values
ranged from 0.09 to 0.18. i.e between 9 and 18% of the variation was explained by
each single QTL model. For %ROOT, MMQ estimates were from 7.3 10 21% and between
10 and 28% for QST. For #CUTT, MMQ estimates were between 7.3 and 10.8% whlle QST
estimated the same individual effects between 8 and 38%. A mgjor discrepancy was
observed for a QTL controlling #CUTT on group 2 in E. urophylia. While MMQ estimate
was 9.2%, the R2 corresponded to 38% of the variation (Tables 3 and 4). Knopp et al.
(1992) pointed out that estimates of R2 obtained from nonsimuttaneous single locus
models can be significantly inflated by sampling bias. Therefore, the estimates of
proportion of variation explained by singie locus models should be viewed with caution.

Simultaneous multilocus estimates of the total proportion of phenotypic variation
explained by the joint action of the putative QTLs mapped for each parental tree were

7—_4
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obtgined by multipoint interval mapping with MMQ and by multiple linear regression
using PROC GLM (SAS 1988) (Table 5). Note that the simple arithmetic sum of the
individual effects estimated (Tables 1 to 4) would always be significantly larger than the
multipoint estimates. For example if we summed all the effects for FWS in E. grandls we
would have 56.2% which is larger than 41.6% estimated by multipoint interval mapping.
Similary in E. urophylla we would find 35.7% compared to 25.2% by multipoint QTL
mapping. Estimates of the total % phenotypic variation explained by the joint action of
all putative QTLs mapped in both parents were also obtained by multipoint interval
mapping and multiple linear regression (Table 5). The estimates obtained by linear
regression are generally smaller than those obtained by interval mopping. This was also
observed in g maize QTL mapping experment (Doebley and Stec 1993). This might be
due to the higher efficiency of the interval method in QTL mapping (Lander and Botstein
1989) and the fact that in the multiple linear regression procedure, dll those
observations that have missing genotypic data are deleted from the analysis, resutting
in considerably smaller sample szes especially when many markers are fitted into the
model.

As more than one measurernent of the traits were made on each individual, we
were able to partition the total phenotypic variance into variance within and variance
between individuals. Repeatability for each trait was estimated as the ratio between
the variance between individuals and the total variance (Table §). As pointed out by
Falconer (1989), the repedctability sets an upper Iimit to the degree of genetic
determination and to the herftability. By weighing the multipoint interval mapping
estimates of total phenotypic variation by the repeatabilities we amved 10 an upper
limit estimate of the proportion of genetic variation explained by the QTLs mapped
(Table 5).

Least square means of the alternative QTL genotypes and their assoclated
standard deviations were estimated with QST (Tables 2 and 4). Note that for all the
putative QTLs detected, variances of the altemative QIL genotype classes were
generally equal and close in value across QTLs within traits. Higher values of the within-

QTL class variances were observed in two QTLs for FWS: on group 1 in E. grandis and
group 5 in E. urophyila. In both cases, these higher variances comesponded to QILs
where large differences in mean trait value between the two alternative QTL genotypes
(A1) were observed. In our QTL mapping experiment, these differences ranged from 0.46
to 2.1 phenotypic standard deviations (cp) (Tables 2 and 4). Estimates of Ay were
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between 0.5 and 0.7 for the majorty (65%) of the QILs detected. A potentially more
interesting estimate from the breeding standpoint is the difference in mean trait vaiue
between the family mean and the favorable QTL genotype (A9) (Tables 2 and 4). These
differences ranged from 0.25 to 1.07 op and typical values were between 0.2 and 0.4
Sp.

The QTL detected with the highest LOD score (5.8) was for %ROQOT in E. urophyila.
The closest linked marker (R8_570) is shown segregating in a sample of Fy individuals
(Figure 4). The effect of the substitution of this linked RAPD marker resulted in the
doubling of the rooting percentage (from 23.4 to 48.3%) or an increase in 12% rooting
above the famiy mean (A7 =0.58 o) (Table 4). QTLs of large effects for FWS were
detected for both parents (on group 1 for E. grandis and group 5 for E. urophylia), and
in both cases the difference between the favorable dllele and the family mean were
estimated to be above 1.0 op (Tables 2 and 4). For #CUTT, the QTL detected with the
highest LOD score was on group 13/11b, with the most likely position estimated to be
exactly at marker N13_2169 (Figure 5). However, in spite of the high LOD score and
percent variation explained (10.8%) estimated by MMQ, the effective contribution of
this region to the trait does not result In a significant shift from the family mean. The
difference between the alternative QTL genotypes (A1) is 0.63 ap- however the
difference between the favorable QTL genotype and the family mean (Ag) is only 0.12
op. It seems that estimates of A} can be misleading. Even though a significant shift in
average trait value is caused by the allelic substitution at the QTL, the final trait value
can still be within the average of the family. Estimates of A seem to be more useful than
both Ay and % variance explained as indicators of the reiative importance of the QTL
detected, as they translate into more meaningful values from the standpoint of marker
assisted selection.

In both species, there were two cases where the LOD 1.0 support interval of QTLs
detected for FWS and #CUTT overapped: on groups 1 and 8/12in E. grandis and groups
1 and 2 in E. urophylfia. Both traits involve multiple shoot formation from dormant buds,
differing in the fact that in FWS, shoot formation is stimulated in vitro with the action of
cytokinin while in #CUTT it relies exclusively on the intrinsic physiological ability to break
domancy of resting juvenile buds. t seems reasonable to suggest that these two traits -
afthough not significantly comelated in this experiment - should share some common
QTLs. Although pleiotropic gene action might be a possibilty for these QTLs, at this point
we cannot distinguish between pleiotropy and tight linkage of different QTLs. However,
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the sharng of some QTL regions could be interpreted as an indirect biological validation
for these QTLs.

DISCUSSION

Linkage map construction. In this study, linkage maps of RAPD markers that
segregated in the pseudo-testcross configuration were used to locate quantitative trait
loci. These single-tree linkage maps had been previously constructed based on the
cosegregation analysis of markers for 62 individuals. This sample sze was Increased for
the QTL analysis reported here. Maps constructed de novo based on 122 individuals
displayed a well conserved linear order of the framework marker loci. Counting each
marker out of the original order as an event (e.g. a switch in order of two adjacent
markers counts as one event), there were a total of 7 order changes out of 100 markers
in E. grandis (7%) and 10 changes in 83 markers in £. urophylio (12%). Therefore, on the
average, only about 10% of the markers had their orders changed when increasing the
sample size almost two-fold (from 62 to 122) and most of the changes were relatively
unimportant order switches of adjacent markers.

Keats et al. (1991) pointed out that the 1000:1 support threshold suggested as a
guideline for building framework linkage maps was conservative and would only prove
adequate from empirical studies. Our results show that even when a relatively imited
sample size (n=62) is used to build linkage maps, the adoption of the 1000:1 support to
include markers into a more likely framework order results in a robust map, whose order
is essentially the same as though twice as many progeny were used. These results also
indicate that a two-step approach would be adequate 10 optimze the extensive
genotyping work necessary in QTL mapping experiments. In the first step, segreqation
data for a large number of markers (>250) would be gathered only for a subset (~60) of
the mapping population. Preliminary framework maps with a 1000:1 support for order
would be constructed for both parents. Then in a second step, an extended set of
progeny would be genotyped only for @ selected group of evenly spaced framework
markers, followed by a finer search with all markers available in potential regions of

interast.

QTL mapping. Similarty between regression analysis and interval mapping
analysis in QTL mapping has been observed previously (e.g. Stuber et al. 1992; Doebley
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ond Stec 1991). In this study we compared two interval mapping methods. With the
exception of three genomic regions, deciared significant by one method and only
close to the threshold by the other, both interval mapping methods yielded very similar
results in terms of QTL detection. The significance thresholds adopted (LOD 1.6 and
P=0.01) were genercally comparable. This was not surprising considering that both
methods use only slightly different algorthms. Darvasi et al. (1993) estimated numencally
that at a marker spacing of 10 cM and 11 markers per chromosome, a LOD score 1,53 -
corresponding to a per-marker type | eror rate of 0.0084 - ensures a 0.05 per-
chromosome type | eror. With infinite number of markers, the LOD threshold would have
to increase to 1.96. These estimates were obtained under a true backeross model. In our
study, marker spacings along both maps were similar, 10.6 ¢M for E. grandis and 9.5 cM
for £. urophyfia. The number of marker per chromosome averaged 14 for £, grandis and
15 for E. urophylla. Therefore, the stringency adopted to declare a QTL in this study
seems satisfactory. However, atthough the anaglyses were caried out under a
backcross model, our system does not meet the assumption of a true backcross from
inbred lines. 1t is not clear ot this point how much this violation would affect the
thresholds adopted for QIL detection.

Power for QITL detection was limited due to the small sample sze available
(Figure 3). In a true backcress, a sample size of at least 500 individuals would be
necessary to achieve an average power of 0.64 for detecting a QIL with a
standardized gene substitution effect d=0.25; for d=0.5 the power was always close to 1
(Darvasi et al. 1993). In spite of the small sample sze, some gain in power was probably
acheived in our experiment by using clonal replicates of the F1 individuals. Clonal
replication essentially increases the heritability of the trait (Bradshaw and Foster 1992).
Heritability was shown to piay a crucial role in determining the magnitude of additive
genetic variance at any QTL that can be detected as statistically significant (Lande and
Thompson 1990). Knapp and Bridges (1990) argued that if all the additive genetic
variance i5s accounted for by markers. an additional replication of a clone increases
statistical power by an amount equivalent to adding another offspring genotype.
Finally, Strauss et al. (1992) estimated that a sample sze of 200 would be needed to
detect half of the additive genetic variance at a=0.01 when the within-family trait
heritability is 0.5 and five effective QTLs control the trait.

No estimates of heritability are available for the traits investigated. However we

were able to estimate an upper limit to broad sense heritability by calculating
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repeatability. In our experimental conditions repectabilties were on the order of 0.4 to
0.6. Assuming that by clonal replication we increased our sample size from ~100 to @
“virtual’ sample skze of 200, and using our estimates of repeatabilty as upper limit
heritability, our expermental results agree with the theoretical arguments discussed
above. Standardized gene substitution effects for the QTL detected in our study (4;
Tables 2 and 4) were typically between 0.5 and 0.7 phenotypic standard deviations,
and the smallest effect detected was 0.45. In other words, our mapping experment was
efficient to detect only relatively strong effects. The limited power was also reflected in
the total proportion of phenotypic and genetic variation that could be accounted by
the putative QTLs and appears to be commensurate with the estimated repeatability.
For FWS, repeatability 0.59, 10 QTLs were detected accounting for 27.6% of the genetic
variation; for $ROCOT, repeatability 0.52, the four QTLs detected accounted for 17.2%
while for #CUTT, repeatability 0.42, six QTLs accounted for 7.3%. At this point we could
only speculate on the proportion of the genetic variation that is due to additive effects.

LOD 1.0 support intervals for QTL positions were typically around 30 to 50 cM.
Discrepancies in the most likely QTL location within the marker interval were observed
between the two interval mapping methods, although in 75% cof the cases the most
likely position was either in the same or in an adjacent interval. From simulation studies,
Darvasi et of. (1993) concluded that the confidence intervals for QTL map location can
be rather broad, In some cases essentially covering the whole chromosome, and
relatively independent of marker density. For standardized gene substitution effects
equal to 0.5, g sample size of 1000 individuals would be required to reach an 11 cM
confidence interval. Taking these simulations intc account and given the sze of our
experment we would not expect to be able to precisely locate QITL beyond the level
of assigning them to linkage groups. The QTL positions reported herein should be
regarded as tentative. While the issue of precise QTL location would be crucial for map-
based cloning efforts, it should not represent a significant obstacle for marker assisted
breeding. The extreme markers bracketing the 1.0 LOD support interval could be used
for ensurng successful selection for the favorable QTL allele.

Pseudo-lesicross QTL mapping. |n the "pseudo-testcross” mapping strategy we
explored the high levels of heterozygosity of outbred individuals and the efficiency of
the RAPD assay to uncover large numbers of informative mating configuration of
genetic markers (Grattapaglia and Sederoff 1994). In this study we have extended the
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combined use of the "pseudo-testcross” mapping strategy and RAPD markers to map
the first QTLs for species of Eucalyptus. To our knowledge this is the first report of
quantitative trait locus mapping using RAPD markers in trees, and the first altempt to
understand the genetic architecture of commercially important traits related vegetative
propagation by rooted cuttings and micropropagation.

The pseudo-testcross strategy Is based on the selection of single-dose markers
present in one parent and absent in the other. As a result, the genetic linkage maps are
individuakspecific, and no RAPD markers are in common between the two maps. This
same concept extends into QTL mapping. The QTLs mapped in this study are individual-
specific. At this point we cannot establish homologies of linkage groups or homologies
of QTLs in the two maps. Such homologies will await the localization of common RAPD
marker loci on both maps. Conservation of RAPD markers and their linkage relationships
in maps of different individuals will depend on the presence of the same RAPD marker
loci and their dllelic state. In a previous study in E. grandis, we have determined that
approximately 33% of mapped RAPD markers were conserved across individuals of
widely distinct origins, and approximately half of those also segregated (Grattapaglia
and Sederoff 1994). Futhermore the conservation of favorable marker/QTL associations
across individuals will depend essentially on the extent of linkage disequilibrium between
marker and trait loci in the population (see below).

QIL mapping in crop plants has usually relied on the availability of inbred lines
that frequently were chosen to differ specifically with respect to QTls affecting the traits
of interest. When these inbred lines are crossed to produce segregating Fo or BC
families, a large amount of linkage disequilibrium is generated and quantitative trait
asscciations with alternative marker genotypes can be readily measured. In outbred
populations such as those of domestic animals and most forest trees, QTL mapping
strategies involving inbred pedigrees are generally not applicable due to a significant
genetic load and time constraints. For most traits of interest, populations are generally
polymorphic at both the QTL and marker loci, and the degree of linkage disequilibrium
that can be generated by crossing populations is imited. As pointed out by Soller (1991),
in such populations. mepping can be based on the disequilibrium necessarlly found
within individual families within a single population. The pseudo-testcross QTL mapping
approach explores precisely this source of disequilibrium by virtue of the specific
coupling relationships between marker alleles and QTL alleles in the parents of the
family. In this study we relied on the existing linkage disequilibrium within an interspecific




200

fullksib family to identify genetic factors controling traits related to vegetative
propagation in Eucalyptus. Maximum likelihood methods for QTL mapping in full-sib
families have been presented, targeting specifically those cases where severcl
unrelated families with few individuals are avallable (Knott and Haley 1992). As pointed
out by those authors, where family szes are large enough it may be possible to use least
squares based methods to find marker-QTL linkages within single pedigrees without the
need to accumulate evidence on individual markers across pedigrees. With increasing
numbers of full sibs linkage phase can be accurately determined and power of QTL
detection increases substantially. Furthermore, additional genotype data from
grandparents obtained from three-generation pedigrees provides information only on
phase of marker linkage in the parents. it has, however, little or no impact on the
increase in mean test statistic (QTL detection powen unless only small families are
available. In Eucalyptus as well as most forest tree species large fullsity families are
available or can be readily produced, while three-generation pedigrees are typically
rare.

QIL mapping in the pseudo-testcross configuration relies on within-family linkage
disequilibrium to establish marker/trait associations. Separate QIL analyses are camied
out for each parent of the cross under the conventional backcross model. For this
reason, in the pseudo-testcross QTL analysis, dominant RAPD markers provide essentially
the same amount of information s co dominant RFLP with the obvious advantage of
speed in marker data gathering. Evidently, as in a true testcross, also In the pseudo-
testcross no intralocus interactions such as dominance can be estimated. However,
when compared 1o the conventional backcross model for QTL mapping. the pseudo-
testcross differs in two main aspects. First, because of the undomesticated nature of the
species for which this strategy is attractive, no prior genetic information is available
about the parental genotypes and no planned “construction® of QTL genotypes is
possible. Therefore the only QTLs that can potentially be detected are those that are
heterozygous in the parents and where the differential effect between the atterndtive
QTL alleles is relatively large. Knott and Haley (1992) pointed out that in outbreeding
populations under selection, even in the best situdation, i.e. when a QTL has only two
alleles, on average 5% of parents do not produce segregating gametes at this locus.

Secondly, because of the likely heterozygosity at any QTL locus in both parents,
the quantitative value of aitemative marker genotypes is measured as the effect of cne
alielic substitution averaged over the potentially two aftemative alleles inherted from
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the other parent. If the genotype of one parent at the QTL locus Is 1R, and for the
other parent Q3Q4. the QITL analysis essentially tests the difference between the
average trait value of (Q1Q3 +QQy versus (QQ3+QQy) in the first parent and (Q3Q)
+Q3Q9) versus (Q4Q1+Q4Q0) in the second parent. Also, the specific intralocus
interactions that might take place and affect the final phenotype cannot be taken into
acccount in the analysis. Therefore more genetic ‘noise” is present in the system since
the effect of the QL allele substitution is measured against a genetically heterogeneous
background both at the locus as well as ot the rest of the genome. Atthough we
cannot predict to what extent, this “noise” should introduce a certain level of bias in the
estimates of the magnitude of QTL effect and adversely offect the power of QIL
detection. The substantial differences between the multipont estimates of total
phenotypic variation and the arithmetic sum of the proportions of each individual QTL
might partly be a result of such bias due to nonadditive sources of genetic variation.
Van Eck ef al. (1994) compared qualitative and quantitative analysis of a known
locus controlling tuber shape in @ cross between heterozygous potato clones. Their
results indicate that in the pseudo-tescross QTL analysis {analysis on each parent
separately) the effect of a QTL dllele in one parent might go unnoticed due to the
masking effect of a stronger allele at the locus, contributed by the other heterozygous
parent. To alleviate this problem they recommend using markers that detect different
polymorphisms in both parents such as fully classified RFLPs segregating 1:1:1:1. However
their results also show that the pseudo-testcross analysis corectly detected the g prion
known QTL. The highest significance peak (lowest P value) was found exactly ct the
marker more closely linked to the QTL in the matemal parent, comoborating the
previously determined position by the qualitative analysis. For QTL mapping they used
analysis of variance and a small sample sze (h=50), both conditions prone to have
limited QTL detection power. porticulary when an allele of wegker effect is under
scrutiny. Had they used alarger progeny size and interval mapping methods, the missed
effect could probably have been detected. However analyzing large progenies with
RFLP markers becomes a very time consuming task. Furthermore only a small subset of
RFLP markers will be fully classified in any particular cross. The speed and ease of RAPD
markers in the pseudo-testcross configuration allows undertaking much larger genotype
analysis both In sample sze and number of markers compensating for the lower
information content per marker locus. Highly polymorphic microsatellite markers would

evidently be very powerful in this respect.
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A potential problem that may arise in the pseudo-testcross QTL analysis Is when
spurious linkages occur between markers in both maps due to sampling variation in the
genotypic data. If one of the markers involved in such linkages happens to be linked to
a QTL in one of the parents, it may potentially lead to falsely declaring ¢ QTL on the
map of the other parent. In our study we specifically tested for this possibility, by
analyzing jointly the marker data sets of both parents. At a relaxed LOD threshold (LOD
3.0) six spurious linkages were detected. Only in one case, a spurious linkage (LOD 3.1)
between marker X15_1600 (E. urophylia ., group 4) and markers 14_1360 and X15_1050 (E.
grandis, group 1) could have led to a potentially erronsous QTL detection. The marker
in £, urophylla is linked to the strongest QTL detected for BROOT. A LOD 1.3 for %ROOT
was estimated for the marker bracket in £, grandis.  Although it did not reach the
significance threshold adopted (LOD 1.6), regions such as those could accidentally be
interpreted as QTL. Typicdlly, such spurious linkages can be identified easily by the low
LOD scere and by the fact that they invelve only one or two focalzed markers in the
group, while true linkages always involve several if not all markers in the group. To
further verify the spurious nature of these marker linkages or potential spurious QTL
detection, the markers involved from both maps can be removed and the linkage and
QTL analyses performed again.

Marker assisted selection for vegetative propagation in Eucalyptus. In spite of
the low power for QTL detection stemming from the hetercgeneous nature of the QTL
mapping design and the limited sample skze, we were able to map @ number of
putative QTLs controlling significant proportions of the phenotypic varigtion In
vegetative propagation tralts including micropropagation response. QIL controlling
somatic embryogenesis (Armstrong et al. 1992) and in vitro androgenesis (Cowen ef al.
1992) have been identified In makze. Recently, RAPD markers linked to two known
genes that control somatic embryogenesis In alfalfa have also been mapped (Yu and
Pauls 1993). The traits investigated in these studies were found to be under the control
of a few genomic regions with large effects. For example a set of five markers (three of
them linked) explained 82% of the phenotypic variance for percentage immature
embryos forming embryogenic callus (Armstrong et al. 1992). A larger number of genes
appears to be involved in the control of micropropagation response in Eucalyptus, as
ten regions were identified controlling an estimated 52.5% of the phenotypic variance.
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Our results suggest that stump sprouting and adventitious rooting response are
also under the control of @ number of genes. There is also an indication of a basic
difference in genetic architecture between sprouting and rooting response. A major
effect QTL for rooting was identified, while all the QTLs mapped for stump sprouting were
of relatively small effect, However, given the interspecific nature of our pedigree.
comparisions of the genetic architecture of the two traits might not be entirely
legitimate. For these traits, only ~ 30% of the phenotypic variation could be explained by
all the mapped regions, and given the reldatively low repeatabilties estimated in our
expermental conditions only a small proportion of the total genetic variation could be
accounted for. A larger sample sze and a gain in accuracy by increasing the number
of measurements of each individual would substantially increase power for QIL
detection. Furthermore, unlike the controlled conditions achieved for in vitro
propagation assessments, seasonal effects have long been known to have strong
influence both on sprouting and rooting responses in Eucalyptus (Fazio 1964; Biake 1972;
Cremer 1973). it will be interesting to compare these resuts with those of expermental
runs carried out in different times or locations. In spite of all this, it was interesting to see
that the great majority of the explained variation for $ROOT could be accounted for by
the three genomic regions inherited from the E. urophylia parent to the Fy. These
included a strong QTL controlling an estimated >20% of the phenotypic variation. We
also found that the E. grandis parent was responsible for most of the inherited variation
in the ability to form shoots both in vifro and by stump sprouting.  These resufts agree
with the prior information available on  the general behavior af the species level
regarding these traits. £, grandis is the most widely and intensely bred and planted
species due 1o its rapid growth and extensive adabtability.  E. grandis Is considered to
sprout and micropropagate well (Hartney 1980) and it is frequently employed In
hybridization programs to improve such tralts in species such as E. nitens and E.
deglupta (Zobel 1993). On the other hand, hybridization to E. wrophylfa typically
improves the ability of £, grandis to form roots on cuttings.

High levels of intra and interspecific variation in vegetative propagation
response have been observed in Eucalyptus. It is faidy common that superior families or
individuals in volume production are identified, but success with rooted cuttings from
them is prohibitively low for production purposes (Van Wyk 1985; Campinhos and
lkemori 1980). Typically large number of superior families and individuals have to be
generated so that high selection intensities can be applied to obtain productive
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genotypes that can also be vegefatively propogated. The manipulation of
environmental factors known to affect rootability of cuttings has been undertaken with
varable success (reviewed by Harney 1980). However, t0 move vegetative
propagation technology to a production level, clone-specific requirement become
impractical. and a rather robust protocol is necessary. To achieve this goal, genetic
manipulation of vegetative propagation response through interspecific hybridization
has been the method of choice. Molecular marker assited breeding for vegetdtive
propagation fraits would be o highly desirable way to irack the inheritance and
segregation of Important genomic regions on an individual basis. This should
substantially accelerate the introgression of these fraits into breeding populations, as
well as facilitate the indirect pre-screening of individual clones reducing the number of
individuals that need to undergo the time consuming  assessments of sprouting and
rooting response.

The pseudo-testcross QTL mapping strategy involves the construction of genetic
linkage maps of molecular markers and the identification of QTls for individual
genotypes. This approach is paricularly attractive because it mitigates the obstacle of
linkage equilibrium faced by marker assisted breeding in outbred species such as forest
trees. As pointed out by many, with linkage equilibrium, marker-trait associations
established in one cross, would not hold in ¢ second pedigree, because marker and
QTL alleles would be randomly associated at the population level (Soller 1978;
Beckmann and Soller 1983; Lande and Thompson 1990; Strauss ef al. 1992). In this study
we have shown that the within-family linkage disequilibrium can be used 1o identify
genomic regions controling quantitatively inherted traits reioted to vegetative
propagation in Eucalyptus. With this approach one can contemplate the prospect of
performing QTL analysis in any available fulksib family generated from undomesticated
and highly heterozygous organisms such as forest trees. Another relevant aspect of our
work s that QTL mapping seems feasible on two-generation pedigrees of the kinds
commonily available in breeding programs. This is particularly important  because it
opens the possibility of using already existing familles in  retrospective QTL analyses
allowing one to gather the necessary quantitative data in acceptable time.

Although the pseudo-testcross QIL mapping information is generated on an
individual basis, the progressive accumulation of individual linkage maps with subsets of
common markers among them will make obvious the relationships of QTL in different
maps. This will eventually lead to the identffication of general regions associated with
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trait expression. However, even though such regions might be found, we expect that a
multiplicity of QTL controlling economically important traits exist at the population level.
This should be particulary true for genetically heterogeneous species such as forest
frees. For a similar phenotypic expression, different QTL's can act in different ways in
different individuals, depending on the inherent genetic background and the kinds of
selective pressures that the individuals have been subject to. Even in highly
domesticated crops such as maize and tomato, some experimental evidences exist on
the issue of inconsistency of QIL expression across populations suggesting that
heterogeneity of QIL is a probable hypothesls (Beavis ef al. 1991; Tanksley and Hewltt
1988). In the single-tree QTL appproach adopted in this study, marker/tralt associations
are established at the individual level, and therefore substantial linkage disequilibria is
expected to be maintained. Close linkages established between markers and QTL
could be followed for several subsequent generations of selection and recombination.
To optimize QTL mapping in each individual tree, larger progeny szes than the ones
used in this study would be required in the initial detection step to improve power for
detection. In subsequent generations, however, the number of markers genotyped
could be substantially reduced as only those particular marker segments containing the
QiL's of interest would be tracked. Progeny sizes could then vary depending on the
number of genomic regions targeted at selection to increase the probabilty of
recovering genotypes with the correct QIL allele profiles.
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Table 1. QTL summary for Eucalyptus grandis clone 44 as determined by interval mapping analysis using MAPMAKER-QTL. Listed are
the locations and magnitudes of effect of QTL controlling traits related to vegetative propagation response.

TRAIT @ LINKAGE MARKER QILL LCD 1.0 LOD SUPPORT < % VAR.9
GROUP INTERVAL POSITION PEAK INTERVAL EXPL.

FWS 1 P10_1250-J5_510 00 2.1 OFF END - P10_1250- 8.0 9.6

1 14_1360 - 23_830 0.0 2.3 16.0-14_1360 - Z3_830 Q.1

3 R20_1650 - U19_550 8.0 1.3° 8.0-R20_1650-J7_560-8.0 6.0

7 N15_1079 - UT10_1500 0.0 1.9 6.0 - X12_1250 - OFF END 7.5

10 N12_207 - J17_815 18.0 2.2 OFFEND - J17_815- 12.0 1.7

8/12 N6_634 - Y16_550 4.0 2.7 16.0 - N6_534 - Y16_550 12.3

#CUTT 1 RY_670 - U16_930 0.0 1.56° 4.0-J5_887-23_830-4.0 7.4

2 D3_1746 - K10_913 0.0 1.6 20.0 - X2_1200- D3_1746-14.0 7.3

8/12 K9_534 - ¥Y3_1350 0.0 1.7 10.0-R3_1200- N6_634-14.0 7.8

13/11 N13_2169 - P19_480 0.0 2.4 14.0 - X12_530 - P19_460 - 240 10.8

%ROOT 5 K12_954 - K15_567 0.0 1.8 40-G5_1898 - K15_567 - 2.0 8.5

ad Fws, fresh weight of micropropagated shoot clumps; #CUTT, number of operational stump sprout cuttings; %ROOT, percent
rooting of cuttings

b Most likely QTL positlon coresponding to LOD peak, as estimated by MAPMAKER-QTL: cM distance from leftmost marker of
interval

€ interval over which the position of the QTL Is at most 10 times less likely than the most likley posttion estimated by MAPMAKER-QTL;
from left to right: CM distance from the left . marker segment and cM distance to the right; OFF END= off the end of linkage group.
d percent of the phenotyplc variation explained, as estimated by MAPMAKER-QTL

* Significant in the QTLSTAT analysis (P< 0.01)

6te




Table 2. QTL summary for Eucalyptus grandis clone 44 as determined by least squares interval mapping analysis using QTLSTAT. Listed
are the locations and properties of QTL controlling traits related 10 vegetative propagation response,

TRAITS  LINKAGE MARKER P WALD b  R2c GENOTYPE MEANS +5.D. < Aye A
GROUP INTERVAL VALUE  STATISTICS (+) )

FWS 1 K10_1106 - Y20_620 0.0001 15.7 0.17 269.8 +25.4  438.5123.8 210 1.02

1 X15_1050 - 14_1360 0.002 10.1 0.10 329.1 £13.1 37441143 057 022

3 R20_1650 - U19_550 0.003 9.2 0.09 379.3+144  335.1+13.4 0.55 0.28

7 X12_1250-N15_1079  0.0007 1.9 0.1 3768 +124  334.1+14.7 054 025

10 N12_207-017_815 0.003 8.6 0.13 37814129  334.8+14.6 055 0.26

8/12  Y16.550-Y17_515 0.0002 14.1 0.1 38344144 3359 +12.6 060 0.33

#CUTT 1 J5_887 - R9_670 0.009 7.1 0.13 11.4 £1.0 14.2 £1.0 055 0.32

2 M10_800 - X2_1200 0.01 6.5 0.11 13.4 +1.3 1.1 £1.2 045 0.15

8/12 R3_1200 - 218_1630 0.001 11.0 0.24 144 +1.0 109 +1.0 070 0.36

13/11  X12_530-N13_2169 0.003 9.5 0.14 13.2+1.0 100 £1.0 063 012

%ROOT 5 K12_954 - K15_567 0.005 8.3 0.10 27.6 +5.2 41.4+4.4 0.61 027

g WS, fresh welght of micropropagated shoot clumps; #CUTT, number of operational stump sprout cuttings: %ROTT, percent

rooting of cuttings

b A Wald statistics of 10.0 is approximately equal to P = 0.001
C Percent of the phenotypic variation expiained. estimated as the non-linear regression R2 (SSmarker/SStotap using QTLSTAT

d Estimates of genotype means for the altermnative RAPD marker-linked QTL alleles; (+) presence of the RAPD band: (-) absence of

the RAPD band

€ Difference between alternative QTL genotypes expressed in phenotyplc standard deviations

f Difference between the favorable QTL genotype and the population mean expressed in phenotypic standard deviatlons

* Significant In the MAPMAKER-QTL analysis (LOD > 1.6)
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Table 3. QTL summary for Eucalyptus urophyila clone 28, as determined by interval mapping analysls using MAPMAKER-QTL, Listed

are the locations and magnitudes of effect of QTL controlling tralts related to vegetative propagation response.

TRAIT @ LINKAGE MARKER QTLP LOD 1.0 LOD SUPPORT < % VAR.9
GROUP INTERVAL POSITION PEAK INTERVAL EXPL.
FWS 1 Q13_980 - X15_700 8.0 1.6 18.0 - Q13_980 - OFF END 6.8
2 K19_1780-L17_560 4.0 2.6 20 -G2_584 - A11_1439 10.2
5 U16_2080- U19_1450 0.0 20 16.0- U16_2080 - K15_500 - 6.0 8.0
6 X12_340 - W9_950 20 1.6 2.0-216_344 - OFF END 10.7
#CUTT 1 W20_530 - K9_941 160 1.7 10.0 - W20_530-U7_1100 - 4.0 8.9
2 A11_1439-X12_740 0.0 0 4.0-B6_810-X12_740 9.2
%ROOT 4 R8_570 - X15_1600 14.0 58 OFF END - X15_1600 - 20.0 21.0
8 K3_290 - N15_485 0.0 1.9 20-U13_450-K3_290- 18.0 8.6
? G5_451 - W11_650 0.0 1.7 W12_1500 - OFF END 7.3

@ FWS, fresh weight of micropropagated shoot clumps; #CUTT, number of operational stump sprout cuttings; $ROOT, percent
rocting of cuttings
b Most likely QTL posttion coresponding to LOD peak, as estimated by MAPMAKER-QTL: cM distance from leftmaost marker of
interval
C interval over which the posttion of the QTL Is at most 10 times less likely than the most likley position estimated by MAPMAKER-QTL;
from left to right: cM distance from the left ., marker segment and cM distance to the right; OFF END= off the end of linkage group.

d percent of the phenotyplc variation explained, as estimated by MAPMAKER-QTL




Table 4. QTL summary for Eucalyptus urophylia clone 28 as determined by least squares interval mapping analysis using QTLSTAT.
Listed are the locations and properties of QTL controlling traits related to vegetative propagation response.

TRAIT?  LINKAGE MARKER P WALD b R2 ¢ GENOTYPE MEANS +5.D 9 A1 A
GROUP INTERVAL VALUE  STATISTICS +) )

FWS ] X15_700 - M4_1228 0.014* 6.0 0.09 34124134  377.81136 046 026
2 K19_1780 - L17_560 0.0005 12.7 on 3826 +13.4 3292 +13.6 067 032
5 K15_500 -U20_420 0.0006 12.4 0.18 4423 £24.3  291.0+20.2 .90 1.07
6 X12_340 - W9_950 0.004 8.6 0.15 3404 £130 3858 +153 057 0.36

#CUTT 1 W20_530 - K9_941 0.0 6.5 0.08 11.341.2 13.9+1.0 052 026
2 X7_1750 - J7_452 0.001 1.3 0.38 16.8 +1.7 88115 1.58 0.83

%ROOT 4 R8_570 - X15_1600 0.0000 25.4 0.28 48.3 +4.2 23.4 34.7 1.09 058
8 K3_290 - N15_485 0.007 7.4 0.1 40.8 +4.5 28.7 +5.0 053 025
? Y13_390 - G5_451 0.004 8.8 0.10 424144 29.0+49 059 032

@ FWS, fresh welght of micropropagated shoot clumps; #CUTT, number of operational stump sprout cuttings; %ROOT, percent
rooting of cuttings

b A Wald statistics of 10.0 is approximately equal to P = 0.001

C percent of the phenotyplc variation explained, estimated as the non-linear regression R2 SSmarker/SStotap using QTLSTAT

d Estimates of genotype means for the alternative RAPD marker-linked QTL alleles; (+) presence of the RAPD band; () absence of
the RAPD band

© Difference between altemnative QTL genotypes expressed in phenotypic standard deviations

f Difference between the favorable QTL genotype and the population mean expressed in phenotypic standard deviations

* Significant in the MAPMAKER-QTL analysis (LOD > 1.6)

Zée



Table 5. Summary of the pseudo-testcross QTL analysis for traits related to vegetative propagation response: multipoint estimates of

the % phenotyplc variation explained by the mapped QTL (obtained by interval mapping using MAPMAKER-QITL and linear models
using PROC GLM (5A9). repeatabllities and % genetic variation explained.

FWS #CUTT %ROOT

E. grandis E. urophyila E. grondls E. urophylla  E. grandls E. urophyila

# PUTATIVE QTL MAPPED 6 4 4 2 1 3
% PHENOTYPIC VARIATION 41.6 25.2 229 14.7 8.5 26,3
Muttipoint MapMaker-QTL

% PHENOTYPIC VARIATION 322 15.4 13.5 4.2 7.9 28.5

Multipoint PROC GLM (SAS)

TOTAL % PHENOTYPIC VARIATION 525 28.2 32.6
Multipoint MapMaker-QTL

TOTAL % PHENOTYPIC VARIATION 46.8 17.4 330
Multipoint PROC GLM (SAS)

REPEATABILITY @ 0.59 0.42 0.52
% GENETIC VARIATION b 31.0 11.8 17.0

ad estimated as the ratio between the varnance between Individuals and the total variance.

b Estimated as the product between the total phenotypic variation estimated by multipoint Interval mapping (MMQ) and the traft
repeatabllity

£2e




Figure 1. Quanfitative Trait Locus (QTL) map of tralls related to vegetative propagation
response in Eucalyplus grandis clone 44. Linkage maps of RAPD markers were
constructed using MAPMAKER (LOD 5.0 6=0.30) and GMENDEL (P value=0.0001 9=0.30).
RAPD markers in bold type were classified as framework markers (ordered with log-

likelihood support > 1000:1) while the remaining markers were ordered with support >
100:1. Bars to the left of linkage groups correspond to the 1.0 LOD support intervals for
the location of the QTL (i.e. the interval over which the QTL position Is at most 10 times
fess likely than the most likely position). Arows indicate the most likely position (highest
LOD peak) estimated with MAPMAKER-QTL.
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Figure 2. Quantitative Trait Locus (QTL) map of iraits related to vegetative propagation
response in Eucalyptus urophylla clone 28. Linkage maps of RAPD markers were
constructed using MAPMAKER (LOD 5.0 8=0.30) and GMENDEL (P value=0.0001 0=0.30).
RAPD markers in bold type were classified as framework markers (ordered with log-
likelihood support > 1000:1) while the remaining markers were ordered with support >
100:1. Bars to the left of linkage groups correspond fo the 1.0 LOD support intervals for
the location of the QTL .e. the interval over which the QTL position is at most 10 times

less likely than the most likely position). Arrows indicate the most likely position (highest
LOD peak) estimated with MAPMAKER-QTL.




GROUP 2

N1.1450

NB_&24 n6_1070 X4_680

X12_1600
X15_1600 R8_1050 R7_450
K20_535
U13_870
13 550
A1_835
D3_508
Y15_600
23280
N12_976
¥13_1700
Y3I_1900
L17_&54
N20_980
JI_1315
R14_1600
Z16_Md
X9_850
X4_1000
¥12_340
Ww9_950
Wwi2_780

F13_310
P13_1080
T12_250

%2_1400 R7_1450
U14_2080

Uis_210

_ Q1_480
Q13_980 ui9_1450
- A10_1673 D8_487

X15_700 e 5 J - R15_870 L5_368
™ mar228 - P19 630 Y20_390
W20_ 660 R16_870
Fa_1442
218_370
K16_610 K15_500

ERETTHEITT
ISR = - Ree mma———

216:}480

GROUP 7 GROUP ¢ GROUP 10

a " a
WwW11_1700 3 X17_2100 Ni4_1028
G14_1710 R3_1750

A2_461
L5_506 iy e MN15_1541 :ﬁ_;ggu
L8_1435 7 - QI_1100 N1Z 1229
U15_1570 W12_1500 Md 1027
W1t_1280 - Y13_390 -
119_780 H G5_45)

U7_800 - W11_650

M12_812 = X3_1250

Wo_1450
K14_1078
¥20_1200
AlE_1040
A2 988
¥9_320
P19_550

g FRESH WEIGHT OF # STUMP SPROUT ' % ROOTING OF

14_704 MICROPROPAGATED CUTTINGS (#CUTH CUTTINGS (%ROOT)
G14_927 SHOOTS (FWS)

G14_807
K12_t575
U19_1590

K14_132¢9
K10_33%
¥9_1050
G5_%4
G2_1ddd
K15_1400
Md_906
RS_440
N8_440
K12_a31
P8_570

i

L1l




Figure 3. Frequency distrbutions for vegetdtive propagation traifs in the Interspecific Fl
family used for QTL mapping. (A) fresh weight of micropropagated shoots (FWS) in mg:
(A) number of stump sprout cuttings (#CUTT); (C) percent rooted cuttings (%ROOD.
Mean (x), standard devigtion () and sample sze used in the QTL analysis are indicated
besides the histograms.
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Figure 4. Segregation of RAPD marker R8_570 from Eucalyptus urophyfia clone 28. R8_570
was found to cosegregate in coupling with a QTL controlling % rooting of cuttings (LOD
5.8, P=0.000 - Tables 3 and 4). Single-locus estimates of the proportion of the phenotypic
variance explained by this QTL were 21% (MAPMAKER-QTL) and 28% (QTLSTAT). Last
lane in top panel and first lane in bottom panel are 1 Kb ladder size standards. From left
to right, top panel shows the RAPD profile for 31 F1 progeny: bottom panel shows an
additional 29 progeny and the two parents, E. grandis clone 44 and E. urophylia clone

28. Anows indicate the segregating marker.
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Figure 5. Segregation of RAPD marker N13_2169 from Eucalyptus grandis clone 44,
N13_2169 was found to cosegregate in coupling with a &TL controlling number of stump
sprout cuttings (LOD 2.4, p= 0.003, Tables 1 and 2). Single-locus estimates of the
proportion of the phenotypic variance explained by this QTL were 10.8% (MAPMAKER-
QL) and 14% (QTLSTAT). Last lane in top panel and first lane in bottom panel are 1 Kb
ladder sze standards. From left to right, top panel shows the RAPD profile for 30 Fl
progeny; bottom panel shows an additional 28 progeny and the two parents, E.

urophylia clone 28 and E. grandis clone 44. Arrows indicate the segregating marker.




o v b B3 e s db bl Rl

Py Ffof-

eI

=




Figure 6. Segregatfion of RAPD marker Y16_550 from Eucalypfus grandis clone 44.
Y16_550 was found to be linked in coupling (8= 0.15) with a QTL controlling fresh weight
of micropropagated shoots (FWS) (LOD 2.7, p=0.0002. Tables 1 and 2). Single-locus
estimates of the proportion of the phenotypic variance explained by this QTL were
12.3% (MAPMAKER-QTL) and 11% (QTLSTAT). Last lane in top panel and first lane In
bottom panel are 1 Kb ladder sze standards. From left to right, top panel shows the
RAPD profile for 30 F1 progeny; bottom panel shows an additional 28 progeny and the
two parents, £, urophylla clone 28 and E. grandis clone 44. Amows indicate the
segregating marker.
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ABSTRACT

We performed a retrospective QTL mapping study, using a matemal open
pollinated half-sib family of Eucalyptus grandis at harvest age. QTL mapping within-half
sib families explores the within family linkage disequllibrium and requires that the
common parent tree be heterozygous both at the quantitative traft locus ang linked
marker locus. Traits of economical importance in forest productivity were investigated:
(1) circumference at breast height (CBH); (2) wood specific gravity (WSG); (3) percent
dry weight of bark (%BARK) and (4) celluiose pulp yield (%PULP). A sequential QTL
mapping approach was applled to CBH using a total sample of 1085 half-sibs. Muttiple
bulks segregant analysis was efficient to protect against false posttives but power for
detection was low. Still, even in a heterogeneous genetic background and for a  trait
of low heritability, the BSA approach was successful in detecting a QTL later confimed
by interval mapping. Selective genotyping detected two out of the three QTLs
detected by full scale QTL mopping. Selective genotyping in @ half-sib is complicated
by the unknown contribution of QTL alleles from the pollen pool. Non-simuttaneous QTL
mapping on a sample of 300 half-sibs was camed out by linear regression and two
interval mapping methods. A total of 12 QTLs were detected controlling an estimated
(multipoint) 11% of the phenotypic variation for CBH (3 QTLs), 22% for WSG (5 QiLs) and
12% for %BARK (3 QTLs). Least square means of the altemative QTL genotypes (d) were
estimated between 0.4 and 0.5 phenotypic standard deviations (sp). Overlapping QTLs
for CBH, WSG and %BARK were observed where either one or more genetic loci with
pleiotropic effect or a cluster of linked genes control all three traits. Simultaneous QTL
mapping by muttivariate regression detected a significant case of digenic epistasis
(P<0.01) between unlinked QTLs. that increased the total proportion of the phenotypic
variance explained in CBH from 11 to 15% . Our results indicate the existence of major
genes involved in the quantitative expression of economically important traits reiated to
forest productivity in Eucalyptus grandis. These findings shed some light on the
architecture of quantitative traits in forest trees and may have some important
implications for the planning of future QTL mapping experiments and eventually for the
contemplation of marker assisted tree breeding. Epistatic interactions amongst QTLs
might prove of considerable Importance in the architecture of quantitative traits and
the advancement of selection in breeding populations of forest trees.
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INTRODUCTION

The major obstacle in forest tfree Improvement Is the time necessary to complete
a breeding generation. Current practice has relied almost exclusively on the analysis of
phenotypes at rotation (harvest) age. For most traits of commercial value, eary
selection of individual trees only becomes efficient half-way through rotation, which is
still several years time, even for fast-growing species of Eucalyptus In  tropical climate.
Tree breeding is made even more difficult by the changes that occur during the
transtion from juvenility to maturity. Wood properties change during growth and
maturation. Wood specific gravity is only adequately expressed at the phenotypic level
after the tree has produced several growth rings, and eary height growth is usually a
poor predictor of volume growth at rotation. Methods to Improve the efficiency of early
selection would be of considerable value to increase the genetic gain per unit time.
Many of the complications of phenotyplc analysis in forest tree breeding could be
alleviated by the direct identification of genotypes using a diagnostic system based on
molecular markers ¢o segregating with the traits of interest,

Most forest trees are undomesticated plants with high levels of genetic diversity.
The most advanced tree breeding programs are only in the first few generations of
selection in contrast with common c¢rops where cultivar development has been
conducted for several centuries. Besides estimates of genetic parameters, little is known
about the genetic architecture and mode of inheritance of most traits in forest trees.
Quantitative trait dissection will aliow the examination of many hypothesis that have
been the subject of debate for several years, including the very concept of a discrete
number of unitary genetic effects (QTLs) controlling quantitative tralts in heterogeneous
forest populations (Strauss et al. 1992

Genetic linkage maps of molecular and biochemical markers have offered a
valuable tool to investigate the genetic architecture of polygenic traits and potentially
assist in the manipulation of the genetic factors controlling such fraits on an individual
basis, through marker assisted selection (MAS) and recombingtion of genotypes
displaying desired QTL combinations. Studies In recent years have used molecular
marker maps to investigate the inheritance of quantitative traits. Results to date support

the existence of a few major genes controlling large proportions of the total variation in
a wide range of quantitatively inherited traits. In plants, these studies have been
restricted to a few annual crop plants (reviewed by Stuber 1992; Dudley 1993). QIL




239

mapping studies in plants have typically been perfomed using segregating populations
derived from crosses between divergent inbred lines. It is not clear to what extent these
results are relevant to predict the ability to detect QTL in allogamous forest tree
populations and apply marker assisted breeding.

In recent years, the exciting perspective of using molecular markers as an early
selection tool in forest tree breeding has stimuloted the undertaking of Quantitative Trait
Loci (QTL) mapping experiments in some of the main forest tree species such as Pinus
taeda and Populus frichocampa x delfoides (Wiliams and Negle 1992: Bradshaw and
Foster 1992). In an attempt to follow the models in crop plants, the approach taken has
involved the use of three-generation pedigrees and RFLP markers. However, these kinds
of pedigrees are not the ones typically available in most tree breeding programs, and
are difficutt to obtain due to significant genetic load and time constraints. On the other
hand, two-generation pedigrees involving crosses between highly heterozygous parents
are commonly available or can be promptly produced in the form of full and half-sib
families for the vast majority of forest tree species. Because the parents of such crosses
are outbred and highly heterozygous, the F1 is genetically heterogeneous and
segregation is expected for quantitative traits.

In view of the long generation times of forest trees, retrospective QIL mapping
expenments using existing two-generation pedigrees represent a key approach to
develop QTL mapping information in acceptable time to contempiate the
incorporation of MAS in operational forest tree breeding. In a previcus study we
described the combined use of RAPD markers and the pseudo-testcross marker
configuration in a full-sib family of Eucalyptus as a general strategy for the construction
of single individual genetic linkage maps in outbred forest trees as well as in any highly
heterozygous sexually reproducing living organism (Grattapaglia and Sederoff 1994).
We then extended the use of the pseudo-testcross strategy and explored the within-
family linkage disequilibrium to locate QTLs controlling significant proportions of the

phenotypic variation in vegetative propagation traits (Grattapaglia et al. 1994). In this
study we canry out a retrospective QTL mapping study, using a matemal open
pollinated half-sib family at rotation age (6.5 years). f a parent tree is heterozygous at a
marker locus, its half-sibs can be partitioned into two groups. those that received the
chromosomal segment marked by one allele and those that received the homologous
segment with the altemative marker allele. If the tree is also heferozygous at a closely
linked QTL, the groups of hatt-sibs will also differ with respect to the quantitative trait. This
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half-sib approach for QTL mapping studies was originally recommended within groups
of patemal haff-sibs in domestic animals (Geldermann 1975). s value has been
investigated by simulations (Soller and Gentzi 1978; Haley 1991) while experimental resutts
in cattle (Geldermann ef al. 1985; Beever ef al. 1990) demonstrated the detection of
significant marker-associated quantitative effects. The objectives of the present study
included: (1) test the power of the within half-slb QTL mapplng approach in a forest tree
species; (2) attempt to locate genomic reglons controling quantitatively inherited trafts
with varying heritabilties in fast growing troplcal Eucalyptus ; (3) test a sequential
approach to QTL mapping by (a) bulk segregant analysis (BSA), (D) selective
genotyping and (¢) fulkscale co segregation analysis, and compare the efficiency of
these strategies for QTL detection.

MATERIAL AND METHODS

Plant Madterial. The experimental material consisted of an open polinated
matemal half-sib family of an elite clone of Eucalyptus grandis (clone 44, Coffs Harbor
provenance, Australia - selection from ¢ Zimbabwe seed source). Seeds were obtained
from a managed seed orchard at Aracruz Florestal S.A., Brazil where the E. grondis
clone is used as the only female clone, and 25 Europhylla clones are used as
pollinators. The ratio of pollinators to matemal clonal ramets was 3:1 and the spatial
distribution was such that the matemal crowns were surrounded by polinator frees.
Polingtion in Eucalyptus s predominantly entomophilous. Cross pollination was
enhanced by the establishment of bee cages in the orchard, and a 800 m strip of
native forest isolated the orchard from other Eucalypfus stands. The matemal E. grandis
clone was characterzed as highly self-incompatible by controlled self pollination.
Therefore the seeds collected in the orchard are derived from outcrossing events with
very high probability. Furthermore, seedlings derived from self-pollination (estimated at
less than 3%) are easily ldentified and roughed in the nursery stage (kkemori and
Caompinhos 1983). Commercial production plantations have been established with this
seed lot ot Aracruz Florestal over the past 8 years, thus a few million plants were
available for this study. We selected and delimited a square area of approximately 1
hectare in an homogeneous forest stand planted in 1986 at a spacing of 3 m between
rows x 2 m between piants. At fime of trait evaluation. the stand was at harvest age (6.5




241

years). Even terain, uniform scil type and minimal number of missing trees were the
main factors considered in the selection of the experimental area.

Traits measured. The following growth and wood quality traits of commercial
value were measured: (1) circumference at breast height (1.3 m from the ground)
(CBH); (2) wood specific gravity (WSG); (3) percent dry weight of bark (%BARK) and (4)
cellulose pulp yield (%PULP). CBH was measured on a total of 1085 standing trees and
recorded in cm using a measuring tape. The trees were felled to allow leaf sample
collection for DNA analysis. Total height growth was measured on 50 felled trees to
estimate height x diameter conelation. For the first 300 individuals, a 4-5 cm thick wood
disk was sampled at breast height for measurement of wood quality traits. Wood disks
were kept immersed into water until time of WSG measurement. WSG determinations
were made for the entire wood disk by a gravitometric method. The wet weight of the
water saturated wood disk was measured. Then, disk volume was determined as the
ratio between the weight of the displaced water and the specific gravity of water at
26°C (996.6 kg/ms). Dry weight of the disk was obtained following oven drying at 105°C
for @ minimum of 48 hours. WSG were calculated as the ratio between the dry weight
(K@) and the volume of the disk (m3). Throughout this procedure measurements were
made separately for the bark and the solid wood so that WSG with and without bark
were obtained. Percent bark was calculated as the ratio between the dry welght of
bark and the total dry weight of the disk.

For a sample of 164 individuals, @ micro pulping technique was used to estimate
percent cellulose pulp vield. A sample consisting of 15 grams of uniformly prepared
wood chips (1.0-1.2 x 511 x 30-50 mm) were taken from the center part of the dried
wood disks. Wood chip samples were subject to alkaline cooking concentrations
corresponding to 160 - 180 kg of active alkali (expressed as NaOH) per ton of dry wood
chip. i.e. 16 o 18% active alkali. Cooking was performed at 170°¢C during two hours into
rotatory mini-digestors at @ 5:1 ratio of white licor to wood chip. Following digestion, the
dark licor was rinsed off, and the wood fibers in suspension were desintegrated In a

blender until they became pulp. The pulp was then washed, filttered under vacuum and
dried at 1059C for 48 hours. Pulp yield was calculated as the ratio between the dry
weight of pulp and the initial weight of wood chips.
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RAPD marker genolyping. Leaf samples from a total of 1085 individuals were
collected iImmediately following tree falling and kept on ice. RAPD assay conditions,
marker identification and scoring were perfoomed as described elsewhere
(Grattapaglia and Sederoff 1994). A linkage map of RAPD markers had been previously
constructed for the common matemal parent (£, grandis clone 44) using a pseudo-
testcross strategy in a fulksio cross to @ single E.urophyila tree, clone 27. The RAPD
markers used in this study were previously determined to segregate in the pseudo-
testcross configuration, i.e. they were heterozygous in the E. grandis clone and absent
(null) in E.urophylia clone 27. This clone was also part of the group of pollinators *plus”
trees in the orchard, originally selected from the same "Rio Claro” Iandrace. Therefore
on assumption was made that all the markers found to be absent in E.urophylla clone
27 would also be absent (or at very low frequency for the "band present” RAPD dllele)
in the remaining pollinator clones, so that the markers to be used in the QIL study
uniquely identified the matemal gametic contribution to the half-sib progeny. After
testing a total of 20 markers on a subset of six E.urophylia clones, it was verified that all
genotypes, without exception, were null for the screened markers. A further
confirmation of the validity of this assumption was obtained later in the study by testing
departures from the expected 1:1 segregation ratio on the half-sib marker data using @
x2 test.

Bulk Segregant Analysis (BSA). The DNA pooling technique originally proposed
by Amheim et al. (1985) and later adopted by Michelmore et ol (1991) was employed
as a first step to identify genomic regions controlling CBH. A total of 1085 plants were
used for the analysis. Individuals that were 1.7 op above and below the mean for CBH
were selected to compose the bulked DNA samples. To minimize false positives and
ambiguous results, four replicate bulks of 10 individuals each, at each tail of the
distribution, were constructed by mixing equimolar amounts of genomic DNA. The
individuals within each tail were not randomly assigned to bulks. Rather, the 40
individuals in each tail were ranked and sequentially assigned to the bulks. A total of
eight bulks, four “low" and four "high® together with the matemal genomic DNA and @
pooled DNA sample of six paternal individuals as controls, were screened with a total of

130 framework markers whose position on the map had been previously determined
(Grattapaglia and Sederoff 1994). RAPD polymorphisms between the two groups of
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bulks were interpreted as indicative of marker-trait association and further tested by full
scale co segregation analysis (see below).

Selective genotyping From the same population of 1085 individuals, ninety six
progeny with extreme phenotypes for CBH (48 in each tail) were chosen for selective
genotyping (Lander and Botstein 1989). The two groups included the 80 individuals used
to compose the bulks in the BSA step. These individuals were genotyped for a total of 52
evenly spaced markers in the E. grandis clone 44 map (Figure 2), including the markers
found to be polymorphic in the BSA screening. A x2 test was canmied out fo test
departures form the expected 1:1 segregation ratic within each extreme group.
Significant departures ot «=0.05 were taken as an indication of marker-trait association.,

and later tested by full scale co segregation analysis (see below).

Full scale co segregation analysis. A total of 300 individuals for which data was
available for CBH., WSG and %BARK were genotyped for 81 RAPD markers
comesponding to 77 marker loci (Figure 6). A subset of these individuals (n=164) had also
been evaluated for %PULP. The sample of 300 used for the fullkscaie co segregation
analysis was random, composed by the first 300 trees measured in the experimental
plot. Evidently, some of the individudls used for the BSA and $G experiments were also
part of the sample of 300, to maintain its integrity as a random sample. The RAPD
markers used in this analysis were selected from a total of 241 RAPD markers in the
original £. grandis clone 44 map, trying to maximize genome coverage with the minimal
number of PCR reactions. Although all the RAPD markers used in this sfudy have been
mapped previously (Grattapaglia and Sederoff 1994), a genetic map was calculated
from the genotypic data de novo and checked for consistency with the previously
reported map. Linkage relationships among markers were determined using
MAPMAKER (Lander et al. 1987). To allow the detection of linkage of RAPD markers In

repulsion phase the data set was duplicated and recoded. LOD 5.0, and maximum
0=0.40 were used as linkage thresholds for grouping markers. The software program
GMENDEL (Liu and Knapp 1990) with threshold P value= 0.0001 and 6=0.40 was qlso

used for the linkage analysis.

QTL mapping analysis was performed by single factor regression using GLM (SAS
1988) and by two interval mapping methods implemented by MAPMAKER-QTL (MMQ)
(Lander and Botstein 1989) and QTLSTAT (QST) (Knapp ef al. 1992). QIL analyses were
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performed under a backcross modei. A LOD score threshold of 1.5 or nominal
significance level of p=0.02 were used to declare the presence of a linked QTL in the
interval. With this stringency and given the number of markers per chromosome used., a
per-chromosome false positive rate of approximately 5% was ensured as estimated
numerically by Darvasi et al. 1993. For each LOD peak, the 1.0 LOD support intervals
were determined. For all detected QILs, the percentage of variance explained as
estimated by both interval mapping methods, least square means for the altemative
QTL genotypes and the shifts in trait value in phenotypic standard deviations were also
reported. When linked QTLs with no overapping 1.0 LOD support intervals were
detected, the locus with highest LOD score was fixed and the chromosome scanned
again for the linked effect. Multipoint estimates of the total variation explained by the
main effects of the mapped QTLs were obtained by interval mapping with MAPMAKER-
QTL and by muttivariate linear regression using GLM (SAS 1988). Multilocus regression
models were built, including unlinked main effects and two-way interaction terms fo test
for significant digenic epistasis.

RESULTS

Quantifative traits. With the exception of %BARK, that showed a right skewed
distribution, the frequency distributions of phenotypes for the four traits showed an
approximately normally distibuted continuous variation (Figure 1). Mean, standard
deviation and sample szes used in the full scale co segregation analysis for each trait
are alo presented. Phenotypic comelations were estimated among traits within the
family studied (Table 1). A significant positive comelation was observed between CBH
and WSG (r= 0.28). a strong negative comelation between CBH and %BARK and
between WSG and %BARK. As expected, phenotypic comelation between CBH and
height growth was high (r= 0.95). Results presented for CBH should also be regarded
valid for height growth and therefore could be interpreted as representative of the
relevant commercial trait, i.e. final volume growth of the tree.

Detection of selfed individuals and paternal marker alleles. In spite of the high
self-incompatibility of the common matemal parent and the careful seed orchard
management and nursery roughing (see Materal and Methods). we tested our
mapping population for the presence of progeny individuals derived from self
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pollination. We were able to camy out G screening test for selfs using a group of four
RAPD marker pairs from different linkage groups that had been previously determined
to be co dominant alieles at the same locus by DNA hybridization experiments
(Grattapaghia and Sederoff 1994). These were: Y15_740/Y15_760; Y17_525/¥17_515;
A10_635/A10_562; A11_980/A11_920 (Figure é). In a selfing event, 50% of the selfed
individuals will show both dlleles on the gel, and can therefore be detected as selfs.
With four independent markers, the probability of detecting a selfed individual Is 1-
(1/24 = 0.9375. We screened the mapping population (n=300) as well as the extreme
individuals used both for the BSA and the selective genotyping experiments. We found
11 putative seffed individuals, l.e. a rate of 3.6%. These individuals were eliminated from
the experment and substituted by true half-sibs previously screened with our set of co
dominant markers.

Besides contamination due to selfs, we were also concermned with the potential
presence of patemal marker allieles that would be erroneously classified as matemal
alleles in the analysis. We screened a subset of E.urophylia clones for 20 markers
heterozygous in the matemal parent and did not detect any ‘band present® allele. An
indirect examingation of our assumption of uniqueness of the matemal marker alieles
was performed by conducting o x2 test for the expected 1:1 segregation ratio on the
genotypic data for the 300 individuals. Significant distortions of marker loci with an
excess of the "band present” allele versus the absence could indicate the presence of
the marker aliele in the pollen pool at high frequencies. We found a total of 11 marker
loci significantly distorted at a=0.05. Of these, six were significant at «=0.01 and located
in two clusters, one on group 6/9 around marker U20_900 and the other on group 8/12
around marker K9_534. At o=0.05, four such distortion would be expected due to
chance alone. The distortions at 0=0.01 could indicate the presence of homologous
paternal marker alleles. However, because these distortions are clustered, such an
hypothesis seems unlikely. In addition half of the distorted markers displayed an excess
of null alleles which could not be explained by patemal contribution. Rather, because
of the relatively large sample skze analyzed, these distortions might have a biological
basis such as pre or post zygotic selection in the matemal parent, against some
unfavorabie linked dllele in the region.

Bulk Segregant Analysis. From a total of 130 markers screened only two markers
showed a clear polymorphic pattem between the high and low CBH bulks. Although
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two markers were detected, they should be regarded as one event, because they are
linked on group 7 at approximately 25 ¢cM (A11_980 and U10_1800). The most clear
polymorphism was obtained with marker U10_1500. it was present in the ali the high CBH
bulks and absent in all the iow bulks (Figure 3q). Later, in the selective genotyping step.
a significant difference In the frequency of marker U10_1500 was observed between the
high and low groups confiming the nature of the BSA polymorphism (Figure 3b, Table
2). Upon full scale co segregation analysis, the genomic region on group 7 involving
U10_1500 was deemed significant for CBH as well as for other comelated traits (Tables 3
and 6) (see discussion below).

For 10 markers, ambiguous BSA polymorphisms were observed, when, within
each group of bulks, the marker was present or absent for 3 out of four bulks. One of
these markers was Y17_1500 on group 5 that was later determined to be linked to a
major QTL region affecting CBH, WSG and %BARK. Not surprisingly, the sensftivity of the
BSA approach for quantitative traits is clearly lower thon the one obtained when
tagging genes controling simply inherited disease resistance or morphological traits.
Our results with replicate bulks indicate that the lack of sensitivity resides more in false
negatives rather than false positives. We assayed, a posterior |, Individual samples that
composed our bulks for markers later found 1o be in QTL regions (data not shown). We
observed that frequently one individual carrying the RAPD band was enough to
‘contaminate” an otherwise null genotype bulk. This was particularly common for RAPD
markers that were efficiently ampilified resuliing in bands of high intensity.

Selective Genolyping. A subset of evenly spaced markers covering an estimated
85% of the matemal genome was used to carry out the selective genotyping step
(Figure 2). Genotype data for the 52 markers screened were used 1o perform x2 tests
for segregation distortion in the two extreme groups. The inftial expectation was that
putative marker-trait association would be indicated by a significant distortion from the
expected 1:1 segregation ratio in both extreme phenotype groups but in different

directions. The marker aliele In excess in the "high® extreme would be linked in coupling
to the favorable QTL allele. However, ofter performing the analysis we did not observe
this pattem of segregation distortion. Rather, in the cases where a segregation distortion
was observed. we found that markers were distorted in the ‘low" phenotype group but
segregated accordingly in the “high® group (Table 2). As a result, we also observed that
the t test for difference between means of the two marker classes on the extreme
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phenotypes were significant only when the segregation distortion in the "low" group was
strong (e.g. markers U10_1500 and A11_%980, Table 2). Marker R4_1300 (Figure 4) in spite
of the comparatively low significance level of the t test on the extreme phenotypes (P
=0.04) was later found to be significantly associated with CBH.

The most obvious explanction for the lack of agreement between the expected
and cbserved patterns of segregation distortion In the selective genotyping experiment
is the contribution of paternal clleles ot the same as well as other QTLs (Figure 5).
Suppose a sttuation where a matemal QTL and RAPD marker are linked in coupling. i.e.
the favorable allele @ linked to the (+) genotype for the marker. The simple expectation
would be that an excess of individuals with the (+) genotype will be found in the ‘high*
phenotype extreme and a correspondingly lower number of (+) individuals in the “low”
group. However, favorable alieles at the same QTL exist in the pollen pool, and these
are linked to null alieles for the RAPD marker locus (Qi ). If a half-sib individual that has
received the unfavorable matemal dllele g, receives a favorable patemnal allele Qi at
the same locus, it is reasonabie to think that the resulting phenotype could be placed in
the high end of the distribution depending upon the magnitude of effect of the
patemal allele. These individuals would therefore be included in the *high® phenotype
group upon selective genotyping in a half-sib family. As they have a null genctype for
the marker, they will inflate the null genotype class and mask the expected segregation
distortion. For a favorable matemal allele linked in repulsion to the (+) RAPD marker the
situation would be analogous with the difference that the paternal favorable dlleles
combined to (g__+) matemal haplotypes would infiate the frequency of (+) genotypes
in the high tail and again mask the distortion.

The extent to which incoming favorable patemal alleles can mask a segregation
distortion due to marker-QTL linkage in the matemal parent will depend essentially on

the gene frequency for these QTL alleles Qi in the pollen pool as well as their magnitude
of effect reiative to the favorable matemal allele. In our experiment, all the 2 tests for
segregation distortion In the high tail group were non significant, including those for
markers iater found to be associated with QTL (Table 2). This result strongly suggests that
favorable QTL alleles with important effect on CBH are relatively frequent in the

E.urophylla pollen pool. Similar explanation would apply to the tiow” group. An
unfavorable QTL allele from the pollen pool could move an individual with the
favorable matemal haplotype (& +) to the low tail. infiating the frequency of (+)
genotypes and masking a distortion. Our data suggests however, that such event
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should be more rare if the matemal QTL allele Is truly favorable . In our experiment
significant distortions were observed for markers in the “low” phenotype group with an
excess of the RAPD allele later determined 1o be linked in coupling to the unfavorable
matemal allele. This was the case for all the distortions observed. including for markers
U10_1500 and R4_1300 (Figures 3 and 4) later found to be associated with QTLs.

To confim putative marker-trait linkages detected by segregation distortion in
the selective genotyping step, we genotyped a random sample of 204 individuals. A x2
test was used to verify potential pre-existing segregation distortions for the markers, and
a t test was performed on the difference between means for the two marker classes.
Following this analysis two markers were found to be significantly associated with @
quantitative trait difference in CBH. These were R4_1300 on group 5 and A11_980 on
group 7. Marker U10_1500, in spite of the strong segregation distortion (x2= 27.0). the
significant t test on the extreme phenotypes (P= 0.000) and the relatively short map
distance from A11_980 (-~ 25 cM) did not yield a significant t test on the random sample.
The putative marker-trait associations for markers R15_1650 and R10_840 were also
dismissed based on the non-significant t test. However In the case of R15_1650, a nearby
marker interval comprising markers K10_835 and X2_1200 was later deemed significant
by linear ANOVA and interval mapping on a larger sample of individuals (n=300) (Tables
3 and 6). It is worth mentioning that the marker X2_1200 was screened in selective
genotyping but did not yield any indication of tralt association (Table 2). In conclusion,
the selective genotyping experiment detected two out of the three genomic regions
significantly associated with CBH expression as detected by full scale co segregation
analysis. For the undetected QTL region on group 2, the selective genotyping essentially
resulted in a false negative.

Linkage map construction. To perform a full scale co segregation analysis of all
traits on all RAPD markers, we reconstructed a genetic linkage map for E. grandis clone
44 using its open pollinated hatlf-sib family. The map presented is based on the pseudo-
testcross (1:1) segregation of 81 RAPD markers (77 loci since four markers pair are co
dominant) from 300 meiotic events, Forty-ning of those markers were previously
classified as framework markers, i.e. their order was established with a likelihood support
>1000:1 (Grattapaglia and Sederoff 1994). When genotyping with RAPD markers, each
arbitrary primer ampilifies more than one segregating marker. Pimers and markers used
in this study were selected to maximize the target genome coverage with the minimal
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number of RAPD assays, to allow the genotyping of a relatively large progeny sze in
acceptable time. A total of 34 primers were used in this study to amplify 81 markers. Only
10,200 PCR reactions were necessary to genotype 300 individuals for all the markers. At
a rate of 400 reactions/day this would require approximately one person per month
time.

A LOD score of 5.0 and maximum 6=0.40 were set as linkage thresholds for
grouping markers. Map distances in centimorgans were calculated using Kosambi's
mapping function. Orders of marker loci in each linkage group were established using
a matrix comelation method implemented by MAPMAKER. The 1000:1 likelihood support
criterion was used to establish the final linear order of marker loci. Due to the relatively
large sample sze and even spatial distribution of the markers selected for the QIL
analysis, the orders obtained promptly conformed to the 1000:1 likelihood support
criterion recommended for building framework maps (Keats et al. 1991). The LOD 3.0
support was tested by pemnuting the order of all adjacent tiplets of markers. Finally, the
orders obtained compared very closely to the orders resulting from  simulated
anneaqling performed by GMENDEL.

The framework marker order of the map (based on 300 meiosis), Is well
conserved when compared to our previously published maps of E. grandis clone 44.
when comparing framework map orders obtained for E. grandis we observed 7% of
order changes when we increased sample sze from 62 to 122 melosis within the same
pedigree. Most of these changes were simple order switches of adjacent markers
(Grattapaglia et al. 1994). In this study we had the opporfunity to compare linkage
maps of the same individual tree constructed using two Independent pedigrees, a fulk
sib and a hatf-sib, that shared @ common matemal parent. Comparisons were possible
for a total of 4 markers that were mapped in this study as well as on the previously
published map based on n=122 in a full-sib cross. There were six cases Involving a switch
in the order of two adjacent markers: markers Y16_850 and Y17_515 on group 8/12;
R20_2700 and R20_1080 on group 4: N15_629 and K?_884 also on group 4; Q13_1150 and
G13_1570 on group 11/13; A11_980 and K9_1660 on group 7; Y17_1300 and R20_1150 on
group 14. There were two cases of markers out of order: K9_534 on group 8/12; marker
X1_720 on group 4. On group 2 a block of markers (K10_549 to R15_1650) was inverted
In orientation in relation to the rest of the markers in the group. Overall we observed 9
order changes in 64 comparisons, i.e. a rate of 14% order difference.




250

The linkage grouping obtained in this experiment was essentially the same as the
one obtained previously from the fulksib pedigree with n=122, confirming the breakage
of group 11, the linkage of the two pieces to groups ¢ and 13, and the merger of
groups 8 and 12. However, in this experment we observed a merger of group 6 and
group 9/11. Atthough the recombingation fraction between the two groups was high
(0.38). the LOD score was greater than 5.0. With this merger. we achieved 11 linkage
groups. coresponding 10 the expected number based on the haplold number of
chromosomes in Eucalyptus grandis (n=11).

Full scale co segregation QTL analysis. For all tralts, QTL analyses were performed
and results are presented for untransformed phenctypic data. The analysis of
normalzed (log transformed) data for %BARK did not alter any of the results. QTL analysis
was initially performed using single factor regression analysis. A total of 33 out of 308 (4
traits x 77 markers) F tests were found to be significant at a= 0.02, and of these, 23 at
0=0.01 (Table 3). The percent of significant tests Is very similor to those observed in QTL
mapping experiments using crosses between inbred lines of plants (Kennard et al. 1994;
Nodari et al 1993) as well as in half-sib families of cattle (Geldermann ef al. 1985).
Several of the significant markers associoted with trait expression were linked on the
same linkage group. Counting only genetically independent associations, i.e. one per
linkage group per trait, the linear analysis detected a total of 12 QIL regions: three for
CBH. five for WSG and four for %BARK. A significant associations at ¢=0.03 was found for
%PULP on group 6/9 (Table 3). The great magjority of the QTLs mapped to four linkage
groups. Overapping QTLs for CBH, WSG and %BARK were observed on group 5 where
either one or more genetic loci with pleiotropic effect or a cluster of linked genes
contro! all three traits. Overlapping of QTL positions was also observed for CBH and WSG
on groups 2 and 7 and for WSG and %BARK on group &/9.

Interval Q@TL mapping analysis was performed using two different approaches
for which software packages were available. MAPMAKER-QTL (MMQ) 3.0 was used to
estimate QTL parameters and test statistics at 2 cM interval within every marker bracket
and to select the most probable location for the QTL as the location that maximized
the likelinood ratio. QTLSTAT estimates the least-squares QTL genotype means and tests
the hypothesis of "no QTL" versus the hypothesis of “one QTL* for every marker bracket.
The QIL Is therefore assigned to a particular marker interval directly, using non-linear
least squares, without trying to estimate the most likely posttion within that inferval.
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The results of the two interval mapping analyses generally agreed wih each
other as well as with the results of linear regression (Tables 4 and 5) with some exceptions
(see below). In a similar way as in the regression analysis, LOD scores or Wald statistics
above the significant thresholds adopted were observed along stretches involving
adjacent marker intervals. In the summary of the least squares interval mapping (Table
5). the highest peaks of Wald statistics for non-adjacent intervals are reported. In the
MAPMAKER-QTL analysis, when two linked LOD peaks were observed, with overlapping
LOD 1.0 support interval, only one QIL was declared in the region at the location with
the highest peak. When the LOD 1.0 supports did not overiap, a procedure suggested
by Lander and Botstein (1989 was used. The position of one QTL was fixed and the
chromosome scanned again for a linked QTL effect, Such a procedure was applied for
CBH, WSG and %BARK to test the likelihood of linked QTL effects detected on group &
(Table 4). For WSG, upon fixing the QTL in the first interval (X1_1450 - R4_1300), a raise In
LOD = 1.72 was observed at the position of the second putative QTL (interval Y17_1500
- V7_1200). When the second QTL was fixed, a raise in LOD= 2.1 was observed at the first
QTL. This result is suggestive of two linked QTL effects for WSG on group 5. Such a
proposition is further strengthened by the fact that both regions were detected as
significant in the QST analysis (Table 5). For CBH the two QTLs were mapped exactly
within the same two intervals (Table 4). However the evidence for two linked effects s
weaker: the raise in LOD was 1.7 at the first QTL when fixing the effect of the second
QTL, but only 1.2 at the second QTL when fixing for the first. Evidence for two QTLs for
CBH on group 5 gets even weaker when we observe that only one QTL was detected
by least squares interval mapping (Table 5). Finally for %BARK the result of the procedure
is that only one QTL exists, as a flat likelihood surface was obtained when the first QTL
(X1_1450 -R4_1300) was fixed.

Disagreements on QTL detection were observed mainly between the QST results
(Jable 5) and the results of linear regression (Table 3) and MAPMAKER-QTL (Table 4).
QTLs for CBH and WSG on group 2. WSG on group 7 and %PULP on group 6/9 were

detected both by linear regression and interval mapping using MAPMAKER-QTL but not
by least squares interval mapping at a= 0.02. On the other hand, MAPMAKER-QTL did
not detect a QTL for %BARK on group 14 while both linear regression and QST did. In the
QTL summaries we report the marker interval where either the highest LOD score
estimated by MMQ or Wald statistic by QST were observed. For MMQ we also locate
the most likely position of the QTL within the interval and the 1.0 LOD support. Marker
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brackets where the highest LOD score was located generally did not correspond
exactly to the one with the highest Wald statistics. For the seven QTLs detected by both
methods. In only three did the marker bracket with the highest LOD score corespond
10 the bracket with the peak Wald statistics. In the other five cases we found that the
marker brackets where the LOD and Wald peaks were detected were adjacent, rather
than overlapping, shared a common marker and were within the 1.0 LOD support
interval determined by MMQ. We obtained similar resuts  when mapping QTLs
controling vegetative propagation In a fultsib cross of Eucalyptus (Grattapaglia ef al.
1994).

An interval mapping analysis with MMQ was caried out on a data set
combining the random sample of 300 individuals with the 96 extreme individuals used in
the selective genotyping experiment. As 11 individuals from the random sample had
been also part of the extreme groups, a final sample sze of 385 individuals was used in
the analysis. A total of 24 common markers were used in the joint analysis, distributed on
groups 2, 3, 5.7. 8/12 and 14, Linear regression models were not used in this combined
analysis since they would tend to overestimate effects due to the biased selection of
progeny (Lander and Botstein 1989). Besides the QTLs on group 5, the combined
analysis also detected a QITL for CBH on group 7 (Table 6), confiming the result
obtained originally in the linear regression analysis on the random sample (Table 3).
Moreover in the same interval on group 7, QITL effects for %BARK and %PULP were also
mapped. No new QTL region was detected by the combined analysis.

Estimates of the proportion of phenotypic variation explained by each QTL were
obtained from MMQ (Table 4). Such proportions were also estimated with QST as the
coetficient of determination R2) (Table 5) from the least squares analysis of variance
table by dividing the Type | Sum of Squares for the QTL genotype by the total Sum of
Squares in non simultaneous interval QTL mapping. The two estimates proportionally
agree with the exception of the QTL for CBH on group § detected as two peaks with
MMQ (%VAR. EXPL. of 40 and 6.6) and one peak with QST (R2= 0.20). This
disagreement might be partly due to the imprecision in the estimation of the exact
location for the QTL. Proportions of phenotypic variance estimated as RZ values were
typically larger than the estimates of % variation explained from MMQ which in tum
were larger than those estimated by linear regression (data not shown). For all traits,
individual QTLs explained between 5 and 15% of the phenotypic varigtion, with the
exception of the QTL for CBH on group 5 where the R2 = 0.20 (20%). These estimates
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obtained by non-simuttaneous testing should however be viewed with caution (Knapp
et al 1992).

Least square means of the attemative QTL genotypes and their associated
standard deviations were estimated with QST (Table 5). For dll the putative QTLs
detected, varances of the attemative QTL genotype classes were generally equal and
close in value across QTLs within traits. Estimates of the difference in mean trait value
between the two altemative QTL genotypes (A1) ranged from 0.26 to 0.51 phenotypic
standard deviations (op) and most of the values were around 0.4 (Table 5). Differences
in mean frait value between the family mean and the favorable QIL genotype (Ag)
ranged from 0.10 10 0.27 %p and typical values were around 0.2 Op.

Multi-QT Locus modeling. Simultaneous QTL mapping was carried out by fitting
multivariate regression models with the markers detected by non simuttaneous mapping
using linear regression (Table 8). This procedure also allowed unbiased hypothesis testing
for the markers included in the model using Type Ill Sum of Squares as suggested by
Knapp et al. 1992. The proportion of phenotypic variance expiained by each QTL were
also estimated, however because they are non additive can be misleading (Knapp et
al. 1992). All the markers used to build the models were retained after simuttaneous
testing with the exception of marker R4_1300 for WSG (Table 8). Interestingly, R4_1300
was included in the model together with a linked marker (V7_1200) based on the
evidence provided by interval mapping with MMQ for the existence of two linked QTLs
on the group. Therefore, results from simultaneous mapping suggest that only one QTL
for WSG is located on group 5. It should be pointed out that although simuttaneous QTL
mapping is effective for removing false positive QILs, it does not overcome the problem
of false negatives (Knapp et al. 1992). The number of mapped QTLs for all traits should
evidently be regarded as minimal due also to reasons related to detection power (see
below).

Multilocus models provided estimates of the total proportion of phenotypic
variance explained by the joint action of the mapped QTLs. Similar estimates were
obtained by muttipoint interval mapping with MMQ, and by multivariate analysis (Table
7). RZ values were obtained initially for muttivariate models including all the significant
markers detected (Table 3). However, multiple linked QILs are difficult to discriminate
from a single effect detected by linkage to several markers. Therefore more
conservative R2 values were also obtained with models including only genetically
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independent markers detected with the highest significance level. Reductions of .25%
in R2 values were observed (Table 3). Still, over 10% of the phenotypic variance could
be accounted for by the QTLs mapped for CBH and %BARK and twice as much (22%)
for WG.

To test for digenic epistasis, we camied out multivariate regression analysis
including all the main effects and two-way inferactions of unlinked markers detected in
the non simultaneous linear analysis. Significant effects were tested using Type il and
Type IV Sum of Squares to account both for cases of unbalanced data and missing cells
(Knapp et al. 1992). With the exception of CBH (see below) no significant two-way
interactions were detected at a =0.01. For CBH a highly significant interaction was
detected between QTLs on groups 5 and 7 (P = 0.0097) (Table 9. Type Il Sum of Squares
are presented which were equal to Type IV, as the data for these markers contained no
missing cell. The QTL detected on group 5 (marker Y17_1500) positively interacts with the
QTL on group 7 (marker N15_1079). The P value observed for the second interaction
term involving Y17_1500, atthough not significant, (P= 0.0531) suggests that Y17_1500
might also have an effect on the QTL detected on group 2 (marker K10_8335). However,
another intriguing result was that upon fitting a model including interaction tems,
marker K10_835 was deemed not significant. This resuft Indicates that a two-locus model
including markers Y17_1500, N15_1079 and their interaction could account for 15% of
the phenotypic variance in CBH. The interaction term was responsible for an almost 50%
increase in the phenotypic variance explained by the model.

DISCUSSION

Half-sib linkage mapping. Half-sib linkage and QTL mapping in outbred species
depends essentially on the abilty to uniquely discriminate the matemal  allelic
contribution to the offspring. Half-sib mapping has been applied to several conifers
taking advantage of their unique haploid biology (Conkle 1980; Grattapagiia et al.
1991: Tulsieram et ol 1992; Nelson et al 1993). Genetic segregation of heterozygous
marker loci can be readily examined in the haploid megagametophytes. However for
most outbred species such as domestic animals and forest trees direct analysis of
haploid tissue is Impractical, and half-sib analysis has to performed at the diploid level.
As pointed out by Soller (1991) when dialielic markers are utiized it wil not be possible In
many cases to determine which of the common parent aliele was transferred to a
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particular progeny. When both markers are at equal frequencies in the population, it
will be possible to identify the transferred allele for only half to three-quarters of the
progeny, depending on whether the other parents are also scored for the markers. The
situation Is improved by the use of multialielic markers such as VNTR or microsateliites.
Each marker dllele will be individually rare and it should be possible to trace it from the
common parent to offspring In virtually all instances. However, such markers require a
large and costly "up front ° development of specific VNTR probes or specific
microsatellite primers pairs.

In this study we used RAPD markers In combination with an open pollinated
matemal half-sib family to construct a genetic linkage map of 77 RAPD marker loci, for
a single tree of Eucalyptus grandis. Marker genotype analysis was caried out on diploid
tissue of half-sib individuals. The RAPD markers used were previously determined 1o be
heterozygous for the amplified RAPD allele in the matemal parent , and absent, or at
very low frequencies (null genotype) in the paternal E.urophyila. This Informative mating
configuration was made possible by the high sensitivity of the RAPD assay 10 single base
changes. allowing the unique identification of the matemal alleles in the offspring.
Paradoxically, the fact that RAPD are dominant markers and detect only one dllele at
a locus faciltates the occumence of such configurations, because the necessary null
genotypes of the paternal parents actually correspond to undetected alieles atf the
RAPD loci. It has to be pointed out that the inter specific nature of the pedigree favored
the detection of such DNA polymorphism between the matemal and polien parents.
However we believe that this strategy should be applicable also at the infra specific
level. Earlier we found that 33% of the mapped markers in the E. grandis  individual
used in this study were present in a second individual of the same specles and distinct
origin (Grattapagtia and Sederoff 1994). Although limited, this estimate suggests that
about two thirds of the RAPD markers should be useful for half-sib mapping at the intra
specific level.

The number of useful RAPD markers for half-sib mapping could be significantly
increased by pre-screening random primers for useful polymorphisms. Such a pre-
screening approach is possible because the RAPD assay is technically simple and fast to
perform. Two possibilities exist. Pre-screening primers on the DNA of all the polien parents
involved in the cross (f available) and a sample of 6 to 8 progeny of a fulksib cross of
the matemal parent with one of the polien parents. With this arangement pseudo-
testcross heterozygous markers from the matemal parent are identified in the fulksib
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cross and their frequency is surveyed In the remaining pollen parents. Attematively, an
indirect approach would Involve direct genotyping of the matemal parent and a
sample of haif-sib individuals of adequate size for detecting segregation distortions from
the expected 1:1. Haley (1991) discussed this approach to verify the 1:1 segregation for
VNIR dlleles from sires heterozygotes for the marker when mated to homozygous dams.
To discriminate between hypothesis of segregation ratio 1:1 to 3:1 (frequency of RAPD
marker in pollen pool p=0.5) a sample sze of 80 would provide power of 0.9 at a=0.001
(nominal a=0.05 for each y2 test). However the frequency of the RAPD marker in the
pollen poo!l will likely be lower. For example if p=0.2, the alternative segregation ratio wil
be 3:2 and to reach equivalent power in the x2 test several hundred progeny would be
required. Therefore RAPD markers at low frequencies in the pollen pool causing subtle
segregation distortions would not be detected in this approach uniess huge sample
szes were analyzed. In this case, the direct screening of all patermnal individuals
becomes more efficient if a precise estimate of the extent of  genotype
misclassifications due to patemal alleles is required.

With this study we had the opportunity to compare linkage maps of the same
individual free constructed using two independent pedigrees, a fulksib and a hatf-sib,
that shared the common matemal parent. Grouping of markers remained essentially
the same but the larger sample sze was efficient in allowing the detection of linkage
between previously unlinked groups of markers and the coalescing of the map into the
expected number of linkage groups based on the haploid chromosome number. A
14% difference in locus order was observed between the half-sib map and the
previously published map. It is very unlikely that any biclogical reason underlies such
differences. Therefore we are left to conclude that sampling bias will intfroduce a level
of uncertainty in the final locus order, even when building framework maps at likelhood
support >1000:1 and increasing the sample size (from 122 to 300 in this study). |t will be
interesting to see the rate of locus order changes with a larger sample size obtained by
pooling the data sets of the full-sib and half-sib experiments.

QTL mapping using extreme phenotfypes. One of our objectives was to test a
sequential QTL mapping approach starting with selective sampling techniques and
compare their relative efficiency. The efficiency of the BSA approach for a quantitative
traits was clearly lower than the one reported when tagging genes controlling simply
inherited disease resistance or morphological traits (Michelmore ef al. 1991; Chaparro ef
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al, 1993), Recently, the BSA approach In combination with RAPD markers and dihaploid
lines was used to identify a major QTL controlling miling energy In barley (Chamers et al.
1993). In our study, the multiple bulks segregant analysls adopted was very efficient to
protect against false positives with a consequent reduction in power for detection. it is
remarkable, however that even In a highly heterogeneous genetic background such as
a haif-sib family, and for a quantitative trait of iow individua! ievel hertability such as
CBH (0.31) (Rezende and Bertoluccl 1993) , the BSA approach was successful in
detecting a genomic region later confimed to contain a QTL

The identification of a QTL by BSA depends essenticlly on the precision with
which individual genotypes from the extremes of the trait distribution can be selected to
compose the bulks. To increase this precision, the sample sze used in the BSA step
involved a total of 1085 individuals. However, the QIL later detected as being of major
effect on CBH (on group 5) was not detected by BSA, due 10 the sensitivity of the PCR
assay for the specific marker in tne region. In conclusion if a very large sample sze is
already available and the phenotype determination is quick and inexpensive, BSA
followed by genotyping a random sample of individuals might be a very useful way to
quickly identify one or some of the genomic regions controling the trait of interest.
However, because the detection depends on the molecular characteristic of the
marker screened BSA does not seem to be adequate to dissect quantitative traits, i.e.
identify all the genetlc factors controlling the trait. A less stringent screening than the
one adopted in this study might be useful in this respect. However, the large number of
individual assays necessary to screen the false positives might ovemrule the intended
advantage of BSA as a short cut for QIL mapping.

Two out of the three genomic regions later detected as containing QTLs for CBH
were identified by selective genotyping. However there is at least one major
complicating factor when performing selective genotyping analysis in a half-sib. This is
the unknown contribution of QTL alieles from the pollen pool, both in frequency and
magnitude. On a random sample of half-sibs, this contribution is assumed random.
However, when only extreme phenotypes are analyzed, particular fulksib families within
the half-sib family could be significantly over represented in one or both of the exireme
groups, biasing the expected segregation ratios for the matemal markers in case of
linkage to a QTL. To be detected, the matemal QTL allele has to be of major effect so
that its expression will cause a detectable shift in trait value independent on the

paternal alleles. In this situation, a segregation distortion can be detected in the “low"




258

group as it was the case in our experiment. In conclusion, our resutts suggest that if the
matemal QTL is of sufficient magnitude to be detected, more information for linkage will
be provided by the "low" phenotype group. Therefore in a haif-sib, the effort should be
directed to genotyping a larger sample of individuals at the low end of the distribution
instead of the approach of equal sample szes at both ends. With a larger sample size,
more confidence would also be associated with the detected distortions, minimizing
false positives. Qur empirical results agree with the expectation that selective
genotyping and sequential sampling will be most efficient in QTL studies agimed at
investigating differences between lines or strains that differ in some single outstanding
trait (Darvasi and Soller 1992; Motro and Soller 1993).

Selective genotyping was applied exclusively to CBH. Trait determination for CBH
is quick and inexpensive and an aimost unlimited sample ske was available for the
study. Thus a sample size of 1085 individuals was measured and used to extract the two
extreme tails each containing sufficient individuals to camy out the planned segregation
distortion tests. Lander and Botstein (1989) point out that selective genotyping should
substantially increase efficiency whenever growing and phenotyping additional
progeny requires less effort than completely genotyping individuals. However selective
genotyping becomes less efficient as more than one trait is analyzed simuttaneously,
unless the proportion selected is very small, since this would require essentially scoring
the entire enlarged population for the markers (Lebowitz et al. 1987). Similarly, very litle
can be gained by sequential sampling procedures (Motro and Soller 1993). We did not
apply selective genotyping to other traits for the reasons mentioned above. WSG and
%PULP determinations are relatively costly, and an enlarged sample sze could not be
justified on the basis of selective genctyping inasmuch as new extreme phenctype
groups would have 1o be extracted and genotyped. However, WSG and %BARK were
Qlso measured for the selected "high” and “low" groups extracted on the basis of CBH to
agllow an analysis of combined (extreme+random) data by interval mapping.
Furthermore, measuring these traits for the “high® group was justified on the basis of
breeding objectives. Phenotypic comelations among these traits within the extreme
groups were higher than those obtained on random samples (data not shown). A
posteriori  analysis for these quantitative traits using o t test on markers A11_980 and

R4_1300 also revealed significant associations between these markers and quantitative
differences in WSG and %BARK (data not shown).
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Within halt-sib QTL mapping in forest frees. QTL mapping within-half sib  families
explores the within family linkage disequilibriurn between marker and trait loci. It requires
that the common parent iree be heterozygous both at the quantitative trait locus and
linked marker locus. Half-sibs from a heterozygous tree can be partitioned into two
groups, those that recelved the chromosomal segment contalning one marker allele
and those that received the homologous segment with the alternative allele. If the tree
is also heterozygous at a closely linked QTL, the groups of half-sibs will also differ with
respect to the quantitative trait. The difference in means of the fraft values In the two
classes characterzed by matemal gametes s expected to be proportional to 8(1-20),
where 3 is the phenotypic difference between half-sibs of the two genotypes and 0 is
the map distance in Morgans between the QTL and marker locus. With interval
mapping the power for detecting QTLs is slightly increased and the term (1-26) can be
replaced by the square root of (1-8") where 8 Is the recombination frequency
between two markers of the interval (Zeng, personal communication).

Haley (1991), using maximum likefihood methods, estimated that in a backeross
of a sire, heterozygous for @ magjor gene, 1o a group of homozygous dams, ¢ power of
QTL detection equal to 0.67 would be expected for n=400 half-sibs at ¢=0.001, § =05
and 6=0.1. At 6=0.05 power would increase to 0.92. For 8=0.25, maximum power, ¢t
6=0.0, would be 0.24. In other words half-sib mapping will only have sufficient power to
detect genes of relatively large effects. We can use the expression of Haley (1991) to
arive to the approximate power expected with our sample size at a=0.001. For a
maximum map distance between a marker and QTL of 10 ¢M. n=300 would achieve a
power of approximately 0.5 1o detect @TLs with §=0.5, and power of 1.0 for QTLs with
§=1.0. For the magjority of the QTLs detected in our experment , the least-square
estimates of the difference between marker genotype classes were between 0.4 and
0.5 (A1, Table 5). Equating these values to 8(1-20) and comecting for the increased
power with interval mapping. we amive to values of & between 0.42 and 0.52, l.e. Ay ~ &.
From these results and given the power predictions discussed above, we can suggest
that it is unlikely that QTLs with effects > 8=1.0 were missed in our analysis, however we
might have missed approximately half of the QTLs with effects §=0.5, and evidently the
majority of those with 8<0.5. However, because we used Interval mapping, our power

was slightly higher than the one estimated with Haley's expression.
Weller et al.(1990) estimated that in a half-sib experiment, QTLs with §=0.1 will be

very hard to map even with several thousand progenies, but that QTLs with 8=0.3 would
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be readily mapped in experiments with 1000-2000 offspring. To increase power for
detection they proposed a ‘granddaughter” design where progeny tests of half-sib sires
from a single elite sire are evaluated in order to decrease the error variance of
quantitative trait evaluation.  Atthough power can be significantly increased,
particularly for traits of low hertability, this design involves three generations.
Furthermore, for any number of daughters, greater power is achieved with fewer sires
and more daughters per sire than with more sires with fewer daughters per sire. This
design is particularly attractive for animals where large half-sib families from a single sire
are difficult to obtain, and highly specialzed pedigrees involving muttiple generations
are available. In forest trees, on the other hand, large half-sio families are available and
three generation pedigrees are difficult o obtain.

Recently, we have exagmined &TL mapping in a fulksib cross between
heterozygous individuals (Grattapaglia et al. 1994). Standardized phenotypic difference
between marker genotype classes (A1 ) for the detected QTLs were typically between
0.5 and 0.7, and a few QTLs with A1> 1.5 were detected. Sample skze was only around
100, however two measurements per genotype were made reducing the emor varance
of trait evaluation. |t is difficult to draw a precise comparison between the traits
evaluated in the two experiments, however only QILs of relatively large effects were
detected in both. As expected, when we compare the values of A1 and the total
proportions of phenotypic variance explained, the within full-sib approach is superior to
the half-sib design. However, both depend on the heterozygosity of the QTL and linked
marker. While the heterozygosity of the marker should not represent a limftation with
RAPD, no prior information is available on the heterozygosity of the QIL. In outbreeding
populations, when a QTL has only two alleles at equal frequencies, assuming Hardy-
Weinberg equilibrium, on average 50% of parents do not produce segregating gametes
at the locus. Therefore the QTL will be segregating only in 75% of the full-sib families and
50% of half-sib families. if gene frequencies are unequal these proportions will be less.
However when multiple QTL alleles are present, a larger proportion of individuals will be
heterozygous at the QTL. For example with 4 alleles at equal frequencies, in 97.6% of the
fullksib and 75% of the half-sib families, the QIL wil be segregating. Highly
heterogeneous undomesticated populations such as those of forest trees are likely to
have multiple alieles at QTLs. Multiple alleles ot QTLs have been reported in potato, also
an outbred and highly heterozygous species (Van Eck ef al 1994).Therefore it [3
expected that in trees, the vast majority of QTLs can potentially be detected with a

4—_
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relatively high probability by analyzing almost any cross. The critical issue will be the
relative mognitude of effects of the segregating adleles and the nature of their !
interactions. Evidently as populations undergo selection, QTL detection is expected to
become more difficult as the frequency of favorable alieles with comparable effects
increase. However In highly heterogeneous populations we expect 1o find not only
multiple alleles but also muttiple QTLs. Thus opportunity will exist to continually uncover
important discrete genetic factors controlling traits of interest.

Genetic architecture of quantitative iraits in forest frees. To our knowledge this is
the first report of quantitative trait locus mapping in frees for traits at harvest age, and
the first attempt to understand the genetic architecture of economically important
productivity related traits  in Eucalyptus . Our findings shed some light on the

| architecture of quantitative traits in forest trees and may have some important
implications for the planning of future QTL mapping experiments and eventually for the
contemplation of marker assisted breeding. By applying full scale co segregation
analysis on a random sample of 300 half-sib individuals, we were able to detect
genomic regions significantly associated with the quantitative trait expression of
economically important traits in Eucalyptus grandis. Given the magnitude of the
phenotypic variation explained by the joint action of those regions (Table 7) these
results indicate that, genes or groups of closely linked genes with relatively large

phenotypic effects (8~0.5) are involved in the control of the quantitative traits
investigated. and can be identified by ¢ half-sib mapping approach.
ff we consider that no effects with §>1.0 were missed and we were able to
detect half of the effects with §=0.5 (power of 0.5, see previous section), we may
speculate on the total proportion of the phenotypic variance that can be attributed to
major genes. Not surprisingly there seems to be good concordance with the
expectations based on the relative magnitude of trait hertability. For CBH, a frait of low
| to intermediate heritability (11% of the phenotypic variation explained, Table 7} a
| maximum of ~22% of the phenotypic variation in the half-sib examined is controlied by
| the action of half a dozen major QTL alleles from the matemal parent. This number
improves for WSG, a highly heritable frait, where at least four and potentially five
independent QTLs were detected accounting for 21% of the phenotypic variation. For
WS5G we could therefore predict that about 10 major matemal genes are responsibie
for ~ 42% of the phenotypic variation. Control of %BARK by major genes would be

o
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somewhere between 20 and 40%. For %PULP QTL detection power was considerably
lower, as the sample sze used was only 164 individuals and the trait heritability is low
(0.23) (Demuner and Bertolucci 1992). To detect all of the major genes (520.5) involved
in the control of such traits in the Eucalyptus pedigree examined, a large experiment
involving at least @ thousand individuals would be necessary. However only the
matemal contribution to the trait could possibly be estimated because in the analysis
the paternal contribution can not be accounted for and is assumed to have a normal
distibution with an average effect of zero.

ff one wishes to dissect the genetic architecture of a quantitative trait - iLe.
defining the magjority of the discrete factors controlling the frait - in Eucalyptus and
probably in any forest tree, very large experiments will be needed because several QTLs
of minor effects will be present. In this respect, haifsib strategies do not seem
adequate. Sample szes required will be exceedingly large to account for the fact that
the quantitative value associated with alternative marker genotypes Is measured as the
effect of one allelic substitution averaged over all the cdlleles inherited from the pollen
parents. A relatively large number of fulksib families with a few hundred individuals
each, would be most efficient to achieve a reqsonable probability that most of the
major QTL will be found segregating and adequate detection power is achleved.

By fitting muttiple QTLs models and their two-way interactions we detected a
case of digenic epistasis between unlinked QILs, that significantly improved the total
proportion of the phenotypic variance explained by the detected QILs. 1t Is worth to
point out that we uncovered g significant interaction despite the small number that
could be tested in this experiment. QTL mapping studies offer a valuable tool to
investigate this source of non-additive genetic variation. Although data from classical
genetic testing does not support this notion, epistatic interactions amongst QTLs might
prove of considerable importance in the architecture of quantitative traits and the
advancement of selection in breeding populations. We have no biclogical premise on
which 1o base the epistatic effect found in our experment. However It is Interesting to
note that at the location of the major QTL involved in the interaction (on group 5). &TLs
for CBH, WSG and %BARK were also mapped. it would not be surprising to find that @
major gene located in that region Is involved not only in the controf of all the growth
traits analyzed, but also affects the final trait expression by epistatic interactions with
other genes. An important regulatory locus would meet such functions.
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Marker assisted selection (MAS) in Eucalyptus . Similafy to the pseudo-testcross
approach within fulksib families, QIL mapping within half-sib families involves the
construction of individuatspecific genetic linkage maps and detection of major,
individuakspecific QTL alleles. In spite of the difficulties for detection of minor QTLs |, this
approach is particularly attractive because it mitigates the obstacle of linkage
equilibrium faced by marker cssisted breeding in outbred forest trees (Soller 1978;
Beckmann and Soller 1983; Lande and Thompson 1990; Strauss ef al. 1992). To establish
homologies of inkage groups or homologies of QTLs in maps from different elte trees,
common marker loci will be needed. The conservation of favorable marker/QTL
associations across individuals will depend essentially on the extent of linkage
disequilibrium between marker and trait loci in the population. The progressive
accumulation of individual linkage maps with subsets of common markers among them
will indicate the relationships of QIL in different maps and allow to test for linkage
disequilibrium between marker and trait loci in small breeding populations. The
existence of generglized genomic regions associated with trait expression could also be
verified. Altematively we may find that a multiplicity of QTL controlling economically
important traits exist at the population level. This would give even greater opportunity
for the application of MAS.

Two steps are generally necessary for the implementation of MAS: location of
QTL and manipulation of them with genetic markers in subsequent generations of
selection and recombination. We have shown that the linkage disequilibrium within a
halfssib family allows one to identify genomic regions with significant effects on
quantitatively inherited traits of relevance to forest productivity in Eucalyptus . With this
approach one can consider the prospect of performing QTL analysis in any existing half-
sib family block plantations in retrospective QTL analyses allowing one to gather the
necessary quantitative data on elite individuals in acceptable time. In the single-tree
QTL approach adopted, marker/trait associations are established at the individual level,
and therefore substantial linkage disequilibria is expected to be maintained. Close
linkages established between markers and QTL could be folowed for several
subsequent generations of selection and recombination. After QTLs for individual trees
have been detected in relatively large experiments, the number of markers genotyped
in subsequent generations derived from those trees could be substantially reduced as
only those particular marker segments containing the QTLs of interest would be tracked.
Progeny szes could then vary depending on the number of genomic regions targeted
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at selection to increase the probability of recovering genotypes with the comect QTL
allele profiles.

The contemplation of marker assisted breeding should be done on a case-by-
case basis (Wilioms and Neale 1992). In the context of Eucalypfus breeding the
prospects are positive. Hybrid breeding combined to clonal propagation of selected
individuals are increasingly being used. Large amounts of linkage disequilibrium are
generated by hybridization and substantial amounts of non-additive genetic variation
can be captured by vegetative propagation. These were seen as favorable conditions
for MAS (Weller and Fernando 1991; Strauss et al. 1992). Individual trees of specialzed
breeding populations could be efficlently QTL mapped by analyzing the performance
of their offspring both full-sibs and half-sibs. From a cross involving one or two QTL
mapped trees, efficiency of within-family selection for superior individuals could be
significantly improved by the introduction of marker information.  Marker information
would also be very useful for selecting specific pdirs of parents that display
complementary QILs.

In @ population of Eucalypfus urophylia at the same age and environmental
conditions as those in our experiment, a within family, individual tree hertabllity of 0.31
was estimated for CBH (Rezende and Bertolucci 1993). In our experiment, two QTLs
detected for CBH and their interaction accounted for 15% of the phenotypic vanance
in CBH (Table 9). This translates into an estimated 48% of the additive genetic variance
Soller et al. 1976). When the proportion of the addftive genetic variance explained by
the marker loci exceeds the heritability of the character, selection on the markers alone
is more efficient than selection on the individual phenotype (Smith 1967). Plotting our
results on the efficiency curves presented by Lande and Thompson (1990}, individual
tree selection for CBH based on markers would have an  efficiency ~1.5 that of
phenctypic selection alone.

Besides increasing accuracy of selection at the individual level for low heritability
traits, efficiency could be significantly improved by decreasing the generation interval.
Furthermore indirect selection for traits difficult to score could also benefit from marker
assisted breeding. In these situations not only low heritability traits could be considered
pbut also high heritability traits. WSG is a trait of high heritabllity. However even in fast
growing Eucalyptus . WSG requires a few years to reach full expression. Combined
early selection for CBH and WSG using markers would allow a significant increase in
selection intensity within families ot @ much younger age and save considerable time in
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the establishment of field trials of the individuals tested as clones. With the advent of
more cost and time efficient marker technologies and the demonstration of existence of
major genes for quantitative traits in trees, the prospects for the use of MAS in forest
trees are promising. contrary to earlier expectations (Strauss et al. 1992). However they
should not be overstated until data Is accumulated on reclzed comparative gains
from marker assisted selection versus phenotypic selection.
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Table 2. Results of selective genotyping analysis for CBH: x2 on marker data for segregation distortion and t tests for difference
between means for CBH of the two genotyplc classes.

MARKER GROUP TESTS ON EXTREME PHENOTYPES < TESTS ON RANDOM SAMPLE (n=204)
x2 11 x2 1.1 P VALUE x2 11 P VALUE
(high tail) (low tail) (t test) (t test)

R15_1650 2 2.7 53 0.3 1.96 0.28

X2_1200 2 0.0 0.0 0.24 0.98 0.12

R4_1300 5 0.0 6.8 0.04 1.62 0.004 *

U10_1500 7 0.0 27.0 0.000 1.16 0.3

A11_980 7 1.5 240 0.000 0.02 0.02*

R10_840 8 20 53 0.2 0.08 0.33

Q x2 » 3.84 denotes significant segregation distortion at a=0.05
* significant marker-CBH association detected by selective genotyping
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Table 3. Summary of significant marker-trait associations (P Values< 0.02) detected by simple linear regression (non simultaneous QTL

mappping) using GLM (SAS) . Multipoint estimates of total phenotypic varation were obtained by fitting muttivariate regression
models (see Table 8 for multivariate models).

MARKER LINKAGE GROUP CBH WSG “%BARK %PULP
K10_835 2 0.002 0.01

K10_549 0.02

J17 3335 0.02

X1_1450 5 0.0 0.002 0.03%

R4_1300 0.02 0.000 0.001

X15_600 0.04 0.02

K1_1000 0.000 0.008

M6_961 0.000 0.007

Y16_1500 0.02 0.004 0.003

¥17_1500 0.000 0.002 0.02

V71200 0.000 0.02

J13_1370 619 0.02

Y15_760 0.007

Y15_650 0.008

P10_530 0.004

U20_900 0.03ns
Z18 900 0.04 ns
N15_1079 7 0.007 0.004

A11_980 0.000

218 1630 8/12 0.02

R20_1150 14 0.01

Y20_760 3 0.02

RZ (ALL MARKERS) 0.14 0.30 0.16 -
R2 (MARKERS IN BOLD TYPE) 0.1 0.21 0.12 -

ns = not significant

N
~
o]




Table 4. QTL summary for Eucalyptus grandis clone 44 as detemined by interval mapping analysis using MAPMAKER-QTL. Listed are
the locations and magnitudes of effect of QTL controlling growth and wood quality traits.

TRAIT @ LINKAGE MARKER QrLd LOD 1.0 LOD SUPPORT < % VAR.9

GROUP INTERVAL POSITION PEAK INTERVAL EXPL.
CBH 2 K10_835- X2_1200 0.0 1.7 20.0- K10_835 - X2_1200 3.9

5 X1_1450 - R4_1300 20 3.1 OFF END - X1_1450 - 26.0 6.6

5 Y17_1500 - v7_1200 00 2 Y16_16500 - Y17 1500 - 14.0 4.0
WwsG 2 K10_835 - X2_1200 0.0 1.9 140-K10_835-6.0 4

5 X1.1450 - R4_1300 20.0 4.7 28.0-R4_1300-2.0 10.2

5 Y17_1500 - V7_1200 12.0 4.2 22.0-V7_1200-12.0 8.4

6/9 Y15_760 - Y16_650 14.0 3.1 4.0-Y15_760-30.0 Q.1

7 K?_1660- A11_980 10.0 3.7 16.0 - A11_980 - OFF END 6.1
%BARK S X1_1450 - R4_1300 200 3.0 28.0 - R4_1300 - X15_600 7.2

5 M6_961 - Y16_1500 12.0 2.3 K1_1000 - Y17_1500 - 24.0 4.4

6/9 Y16_650- P10_530 16.0 3.3 6.0-Y15_650-P10_530-3.0 9.2

14 R20_1150-Y17_1300 0.0 0e"* - 1.5
%PULP 6/9 U20_900 - 218_900 140 1.5 30.0 - U20_900 - P10_650 9.9

g CBH, circumference at breast height: WSG, wood specific gravity; %BARK, percentage dry welght of bark : %PULP, percentage
cellulose pulp yield

b Most likely QTL posttion comesponding to LOD peak, as estimated by MAPMAKER-QTL: cM distance from leftmost marker of
interval

C |nterval over which the position of the QTL Is at most 10 times less likety than the most likley position estimated by MAPMAKER-QTL:
from left to right: cM distance from the left , marker segment and cM distance to the right; OFF END= off the end of linkage group.
d percent of the phenotyplic varation explained. as estimated by MAPMAKER-QTL

* Significant in the QTLSTAT analysis (P< 0.02)




Table 5. QTL summary for Eucalyptus grandis clone 44 as detemmined by least squares Interval mapping analysis using QTLSTAT. Listed
are the locations and properties of QTL controlling growth and wood quality traits

TRAITS  LINKAGE MARKER P WALD b R2 c GENOTYPE MEANS +5.D.9 A9  Agf
GROUP INTERVAL VALUE  STATISTICS (+) ©)
CBH 2 K10_549 - J17_3335 0031* 47 0.09 589+ 12 550+ 13 026 0.10
5 Y16_1500 -Y17_1500 0.001 12.4 0.20 600+ 1.1 538+ 13 042 0.8
WSG 2 K10_549 - K10_835 0.115* 25 0.03 4739+ 38 4860+ 49 034 0.18
5 X1.1450 - R4_1300 0.001 1.1 0.12 4709+ 3.1 4866+ 31 044 0.20
5 K1_1000 - M6_961 0.000 19.2 0.09 4702+ 29 4884+ 29 051 025
5 Y16_1500-Y17_1500  0.002 9.5 0.12 4852+ 29 471.6%.32 038 0.16
619 Y15_650 - P10_530 0.004 8.2 0.08 4726+ 30 4874+ 35 041 022
7 U10_1500 - K9_1660 0121* 24 0.06 483.3+ 29 4764+ 3.1 019 0.10
%BARK 5 X1_1450 - R4_1300 0.003 9.3 0.12 10.19+.0.18  9.36+.0.18 041 026
5 K1_1000 - M6_961 0.005 8.2 0.07 1010+ 0.17 940+ 0.17 035 022
6/9 Y15_650 - P10_530 0.000 13.4 0.09 1017+ 016 923+ 0.19 047 025
14 R20_1150-Y17_1300 ___ 0.02 5.3 0.12 950+ 0.16 10204+ 022 035 027
%PULP 6/9 U20_900- 218 900 0.058 * 3.7 0.09 5128+ 0.17__50.85+ 0.23 029 0.1

a CBH, circumference at breast height; WSG., wood specific gravity: %BARK, percentage dry welght of bark; %PULP, percentage

cellulose pulp yleld

b A Wald statistics of 10.0 Is approximately equal to P = 0.001
¢ Percent of the phenotypic variation explained, estimated as the non-linear regression R2 SSmarker/SStotap Using QTLSTAT

d Estimates of genotype means for the alternative RAPD marker-linked QTL alleles; (+) presence of the RAPD band; {-) absence of

band

e Difference between alternative QTL genotypes expressed In phenotypic standard deviations

f Difference between the favorable QTL genotype and the population mean expressed in phenotypic standard deviations

* Significant in the MAPMAKER-QTL analysis (LOD > 1.6

viZ




Table 6. Results of the QTL analysis on the combined data set (n=385). Data for the random sample and the extremne phenotypes
used in the selective genotypig analysls were analyzed jointly for the marker data in commen, by interval mapping analysis using

MAPMAKER-QTL.
TRAIT @ LINKAGE MARKER QrLP LOD 1.0 LOD SUPPORT < % VAR.9
GROUP INTERVAL POSITION PEAK INTERVAL EXPL.
CBH 5 X1_1450 - R4_1300 4.0 3.2 OFF END - X1_1450 - 24.0 7.5
7 K9_1660 - A11_980 12.0 3.9 10.0 - K9_1660- A11_980 - OFF END 5.8
WSG 5 X1_1450 - R4_1300 20.0 4.1 OFF END - R4_1300 - 36.0 8.3
7 K?_1660- A11_980 160 59 4.0- A11_980 - OFF END .0
%BARK 5 X1_.1450-R4_1300 240 4.0 260-R4_1300-24.0 8.0
7 K9_1660- A11_980 10.0 1.7 16.0 - K9-1660 - OFF END 29
%PULP 7 K@_1660 - A11_980 10.0 2.1 10.0 - K9_1660 - OFF END 7.4

@ CBH, circumference at breast helght; WSG, wood specific gravity: %BARK, percentage dry welght of bark; %PULP, percentage
cellulose pulp yield
b Most likely QTL posttion comesponding to LOD pedk, as estimated by MAPMAKER-QTL: cM distance from leftmost marker of
Intarval

C Interval over which the posttion of the QTL Is at most 10 times less likely than the most likley posttion estimated by MAPMAKER-QTL;
from left to right: cM distance from the left , marker segment and cM distance to the right; OFF END= off the end of linkage group.
d percent of the phanotypic variation explalned, as estimated by MAPMAKER-QTL




Table 7. Summary of the half-sib QTL analysis for growth and wood quality trafts following non
simultaneous QTL mapping.

CBH WSG %BARK  %PULP
# PUTATIVE QTL MAPPED ¢ 3b 5¢ 3 ]
%, PHENOTYPIC VARIATION 13.7 24.7 12.6 9.9
Multipolnt MapMaker-QTL

% PHENOTYPIC VARIATION 109 d 21.2 11.6 -

Multivariate Regression GLM (SAS)

o QTLs mapped were counted ¢s putative only if detected by at least two of the three
analytical methods used

b this number would be 2 Iif results of simutanecus QTL mapping fitting multivarate models
with digenic epistasis are considered (Table 9)

¢ this number would be 4 if results of simultaneous QTL mapping are considered (see Table 8)

d this number would be 150 If results of multivariate models with digenic epistasis are
considered (Table 9)

QL2
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Table 8. Simultaneous muttilocus models for CBH WSG and %BARK. Surmmarized analysis
of variance tables obtained by multivariate linear regression of the markers declared
significantly associated with trait expression by non simultaneous tests. GLM  (SAS) was
used to fit a model with the simple effects.

Dependent Variable : CBH

Marker DF  TypelliSS F P Value R2 |
Y17_1500 ] 2270.239078 11.89  0.0007 0.045 ;
N15_1079 1 1284.325440 672 00101 0.025 |
K10_835 1 2100.744406 11.00 00011 0.040 |

|
RZ  0.108501

Dependent Variable: WSG

Marker DF  Typeliss F P Value R2

Y20_760 ] 3961.04449 355  0.0608 0.013

Al11_980 1 18048.83536 16.18 0.0001 0.06

V7_1200 1 5042.47625 533  0.0219 0.02 |
R4_1300 1 272307481 244  0.1196 ns |
Y15_760 1 7610.33572 6.82 0.0096 0.025

K10_835 1 12811.09652 11.49 0.0008 0.042

RZ  0.212567

Dependent Variable: BARK

Marker DF  TypelliSS F P Value R2
X1_1450 ] 15.50369596 433 00385 0018
P10_530 ] 27.06007336 757 0.0065 0.031
R20_1150 ] 23.64744748 661 0.0108 0.026
218_1630 ] 19.53259833 546 00204 0.022
R2  0.11635]
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Figure 2. Spatial distibution of RAPD markers used in the selective genotyping
experiment. Markers were selected based on thelr map location estimated In the
original linkage map buitt for the matemal parent E. grandis clone 44 using a psaudo-
testcross strateqy (Grattapaglia and Sederoff 1994).
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Figure 3. Results of Bulk Segregant Analysis for CBH. (A) from left to right: 1 Kb sze
standard, 4 "iow* CBH bulked DNA samples , 4 "high® CBH bulked DNA samples;
polymorphic marker U10_1500 between the two groups of replicate bulks s indicated
by arrow. (B) gel showing the same marker U10_1500 (indicated by amows) genctyped
for Individuat samples in the selective genotyping experiment. From left to right, top to
bottom, 1 Kb size standard, 48 individuais from the "high® extreme of CBH distribution (>
1.7 6p). 1 Kb size standard, 48 individuals from the “low" extreme of CBH distribution (<
1.7 op). 1 Kb size standard. Note the 1:1 segregation (24 (+):24(-)) for the marker In the
*high* group and the distorted segregation (7 (+3:41(-)) (x2=24.0) in the low group. Dots
along the side indicate from top to bottom standard fragments of size 1600 bp and 1018

bp.
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Figure 6. Quantitative Trait Locus (QTL) map of growth and wood quality traits  in
Eucalyptus grandis clone 44. Linkage maps of RAPD markers were constructed using
MAPMAKER (LOD 5.0 g=0.30) and GMENDEL (P value=0.0001 g=0.30). RAPD markers
were ordered with loQ—Iikelihood support > 1000:1. Bars to the left of linkage groups
conespond to the 1.0 LOD support intervals for the location of the QTL (.e. the interval
over which the QIL position is at most 10 times less likely than the most likely posttion).
Arrows from bars indicate the most likely position (highest LOD peqk) estimcated with
MAPMAKER-QTL. Bar without arow for %BARK on group 14 corresponds to a QIL not
detected by MAPMAKER-QTL, thus no position was estimated within Interval. Asterisks
indicate QTLs that were not retained when simultaneous QTL mapping was performed
(see Tables 8 and 9 and text for details).
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