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Eucalyptus species are an essential component of commercial forest plantations in
tropical and subtropical regions of the world. Major efforts are now directed
towards breeding and selection of elite genotypes with tolerance to diseases such as
Chrysoporthe canker caused by Chrysoporthe austroafricana. Currently, DNA-
based genetic markers are the most widely used techniques for fingerprinting and
identification of superior genotypes. These techniques, however, are limited by the
resolution of the detection system, which commonly involves electrophoresis to
separate fragments based on size. This limitation has prompted the investigation of

microarray-based DNA fingerprinting presented in this thesis.

The first chapter of this thesis presents a review of literature regarding the current
opportunities and challenges of microarray technology for disease resistance
breeding in forest trees. This review is arranged in four sections. The first of these
deals with the impact of disease on forest trees, with particular reference to
Chrysoporthe austroafricana. This is followed by an overview of the DNA
microarray technique. The third section is concerned mainly with the uses of
microarray markers for genetic analysis of forest trees. The last section deals with

the challenges of microarray data analysis and management.

Chapter Two of this thesis reports on the development and assessment of

microarray-based DNA fingerprinting in Eucalyptus grandis. Eucalyptus grandis

i



clones were previously identified using random amplified polymorphic DNA
(RAPD) and microsatellite markers. While these techniques are constrained by
their reliance on gel or capillary electrophoresis, recently developed microarray
technology is not constrained by these requirements and holds promise for parallel
analysis of thousands of markers in plant genomes. The aim of the study was to
generate a small genotyping array for Eucalyptus and to determine the usefulness of
microarrays for fingerprinting a full-sib progeny of Eucalyptus grandis. F or this
purpose, we implemented the recently developed Diversity Array Technology

(DArT) for E. grandis.

Chapter Three concerns the identification of molecular markers associated with
Chrysoporthe austroafricana tolerance in Eucalyptus using bulk segregant analysis
(BSA) and DarT. Currently, the most effective way to reduce the impact of
Chrysoporthe canker on Eucalyptus trees is the selection of elite genotypes with
best disease tolerance. These trees were selected by artificial inoculations with a
virulent isolate of Chr. austroafricana and monitoring disease progress. However,
trials to test disease tolerance of clonal hybrids using artificial inoculations are
extremely time consuming. The work presented in this chapter was, therefore,
designed to develop PCR markers converted from microarray markers for the fast

and unambiguous screening of breeding stock for disease tolerance.

Chapter Four reports on the genome-wide fingerprinting of commerciallygrown

Eucalyptus species and hybrids using DArT. The most widely used tools for

1



molecular diagnostics and genetic diversity studies in Eucalyptus are amplified
fragment length polymorphism (AFLP), random amplified polymorphic DNA
(RAPD) and microsatellite markers. Large volumes of information about these
fingerprinting techniques are currently available. However, information pertaining
to the efficiency of genome-wide fingerprinting of commercial species of
Eucalyptus and hybrids using an AFLP-like complexity reduction method is not

available yet.

This thesis presents a collection of studies conducted over four years that deal with
microarray-based DNA fingerprinting in Eucalyptus. All studies were conducted
independently and have been written as separate publishable units. Thus, some
repetition between parts of chapters, which contain a progression of knowledge
accumulated over a relatively long period of time, has been unavoidable. It is my
sincere hope that the work presented in this thesis has contributed to our knowledge
regarding the exploitation of DNA microarrays as a marker analysis method in

Eucalyptus tree breeding programs.

v
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SUMMARY

DNA microarray technology is a new and powerful technology that could
substantially increase the speed of forest tree breeding programmes. This thesis
represents a compilation of investigations that focus on the exploitation of DNA
microarray technology for genetic marker analysis of Eucalyptus trees. The major
focus of the studies presented in this thesis was on the assessment and development

of microarray-based DNA fingerprinting in Fucalyptus.

A DNA chip for Eucalyptus was not available at start of the study. As a result of
this study a 384-prototype chip was developed to evaluate the potential of
microarrays for fingerprinting closely related Fucalyptus clones, species and
hybrids. These studies show that microarrays are an efficient DNA marker
technology for genome-wide ﬁngefprinting of complex organisms for which no
sequence data exist. However, cross-hybridisation and the lack of dedicated

software products remain a challenge.

The 384-probe array developed in this study was subsequently e mployed for the
detection of putative markers associated with tolerance to Chrysoporthe
austroafricana in Eucalyptus grandis. Putative tolerance-associated markers were
identified by bulk segregant analysis (BSA) and converted to cleaved amplified
polymorphic sequence markers for further characterization in segregating

Eucalyptus populations. BSA revealed a total of 109 scorable, polymorphic loci, of
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which nine appeared to be associated with tolerance or susceptibility. Two DArT
markers were converted to cleaved amplified polymorphic sequence (CAPS)
markers, which discriminate susceptible and tolerant individuals. These PCR

markers can be used for the rapid screening for disease tolerance in Eucalyptus

planting and breeding stock.

The collection of studies included in this thesis demonstrated that DAsT is an

efficient DNA marker technology for genome-wide genotyping, particularly for
application in less-studied plant genomes. Whole-genome profiling using DArT

raises significant opportunities for tree breeding programmes and for future

genome analysis of Eucalyptus.
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CHAPTER ONE

LITERATURE REVIEW

DEVELOPMENT AND ASSESSMENT OF MICROARRAY-BASED DNA

FINGERPRINTING IN EUCALYPTUS GRANDIS
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INTRODUCTION

Forest trees are essential components of the natural landscape and of many
ecological systems. They also form the foundation of a global, multi-biflion dollar
wood products industry. The economic importance of forest trees has contributed to
a worldwide focus on the selection of breeding material with increased resistance or
tolerance to pests and diseases. The first attempts to select for improved genotypes
were based on ﬁlorphological characteristics (Eldridge et al. 1994). However, most
forest tree species are characterized by long generation intervals and much time is
needed before assessment of disease resistance can be carried out (Grattapaglia
1994). This limitation has precluded the rapid identification and selection of
disease resistant trees. A maximum of three to four generations of breeding have
been completed in most commercial forest tree species. This has not provided
sufficient opportunity to introgress disease resistance genes into germplasm that
have otherwise only been selected for growth and form (Byme et al. 1996).
Breeders are in need of selection systems that will allow early identification of
resistant germplasm and that will furthermore facilitate the introgression of

resistance factors into elite or improved breeding material.

The discovery of isoforms and allelic variants of proteins (isozymes and allozymes)
provided the first genetic markers based on molecular variation in plant and animal
genomes (Markert and Moller 1959, Tanksley and Orton 1983, Weeden 1988). In

the early 1970s, protein variants were first studied in trees by Bartels (1971) and
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Bergmann (1971). Since then, much progress has been made in experimental
genetic studies of forest tree species using isozyme analysis (Strauss and Conkle
1986, Niebling et al. 1987, Shirasi 1998). Isozyme markers have been useful for the
identification o f v arieties ( Ashari et al. 1989, Huang et al. 1994), recognition o f
economically important genes (Mackill et al. 1993), construction of genetic maps
(Bernatzky and Tanksley 1986) and detection of genetic introgression (William and
Mujeeb-Kazi 1993). However, isozyme markers are often dependent on the
environmental conditions under w hich the plant is grown and the developmental
stage of plant tissues used for protein extraction (Winter and Kahl 1995). In
addition, relatively few proteins are amenable to isozyme analysis, which limits the
genome coverage that can be achieved with these markers. These problems have
largely been overcome with the development of DNA-based molecular markers,

and high-throughput, automated genotyping technology.

A number of DNA-based molecular marker technologies have been developed in
the past two decades. Such marker technologies include restriction fragment length
polymorphisms (RFLPs, Botstein et al. 1980, Neale et al. 1989), simple sequence
repeats (SSRs, Weber and May 1989, Jarne and Lagoda 1996, Goldstein and
Schloetterer 1999), random amplified polymorphic DNA (RAPD, Williams et al.
1990, Rafalski et al. 1991) and amplified fragment length polymorphisms (AFLPs,
Vos et al. 1995, Blears et al. 1998). These molecular markers have become
fundamental tools for forest geneticists. They have assisted tree breeders in

improving the efficiency of classical breeding techniques (Smith and Beavis 1996).
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In most plant species, molecular markers have been particularly useful in
manipulating disease resistance genes (Michelmore 1995, Okubara et al. 1995,
Wilcox et al. 1996, Harkins et al. 1998). Currently, the major limitation of these
molecular marker methods is their dependence on gel electrophoresis (Jaccoud et
al. 2001). This hampers the processing of a large number of samples or markers in
parallel. There are difficulties in precisely correlating bands with allelic variants,

and only one or a few loci can be studied at a time.

Jaccoud et al. (2001) demonstrated that these limitations can readily be overcome
by using microarrays. DNA microarray technology has the potential to greatly
increase the level of automation and thoughput of molecular marker technology
{Schuchhardt et al. 2000, Foster and Huber 2001). Hundreds or thousands of loci
can be analysed in a short time. This significantly decreases the time required to
identify disease resistance loci and develop markers for breeding purposes. The
efficiency of this process facilitates the release of new varieties that display durable
resistance. Furthermore, microarray-based breeding has the potential to allow
whole-genome selection, which will enable tree breeders to manipulate the

complete genomes of trees, while selecting for individual, high value loci.

The focus of this review is on the exploitation of DNA microarrays as a method for
developing disease resistance markers to be used in tree breeding programmes, and
particularly those related to Chrysoporthe canker caused by Chrysoporthe

austroafricana in South Africa.
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THE IMPACT OF DISEASE ON FOREST TREES IN SOUTH AFRICA, WITH

PARTICULAR REFERENCE TO CHRYSOPORTHE

The forestry industry in South Africa depends on a small number of fast-growing
species, most notably in the genera Eucalyptus and Pinus (Evans 1992). These
spectes have been developed in South Africa due to their rapid growth and easy
nursery propagation. In recent years, planting Eucalyptus species has become
increasingly important (Directorate of National Forestry Planning 1987, Eldridge et
al. 1994). This interest in eucalypts and the trend towards propagation of clones
from cuttings has prompted concern regarding the role that diseases, such as those
caused by Chrysoporthe austroafricana Gryzenhout & M. J. Wingf. (Gryzenhout et
al. 2004), could have on the sustainability of the industry (Conradie et al. 1990,

Wingfield et al. 1991).

Chrysoporthe species, previously united under the single name Cryphonectria
cubensis (Bruner) Hodges (Gryzenhout et al. 2004), are serious canker pathogens
of commercially grown Eucalyptus spp. in plantations (Boerboom & Maas 1970,
Hodges et al. 1979, Hodges 1980, Florence et al. 1986, Wingfield et al. 1989,
Wingfield 2003). DNA sequence comparisons showed that isolates from South East
Asia, South America and South Africa represented distinct phylogenetic groups
{(Myburg et al. 2002, 2003). Specimens of Cryphonectria cubensis from South East
Asia and South America could, however, not be separated or distinguished
morphologically from the type specimen, originating from Cuba (Gryzenhout et al.

2004). For the present, these specimens are thus collectively transferred to
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Chrysoporthe as a single species, Chrysoporthe cubensis (Bruner) Gryzenhout &
M.J. Wingf. (Gryzenhout et al. 2004). Specimens previously treated as
Cryphonectria cubensis from South Africa could be distinguished morphologically
from those representing Chrysoporthe cubensis and was thus described as

Chrysoporthe austroafricana.

Chrysoporthe spp. have severely limited the development of plantations of
susceptible Fucalyptus species, where climatic conditions favour disease
development (Alfenas et al. 1982, Sharma et al. 1985, Florence et al. 1986). Thus,
it has become important to implement an effective disease management strategy for
these pathogens. There are several means to accomplish this goal. The most
effective means to reduce losses due to Chr. cubensis and Chr. austroafricana is to
plant disease tolerant species or hybrid clones of Fucalyptus (Alfenas et al. 1983,
Wingfield 1990). This approach has been shown to be effective in various parts of

the world (Campinhos et al. 1983, Wingfield et al. 1990).

Various strategies have been used to select for trees with highest resistance to
infection by both Chr. cubensis and Chr. austroafricana. A study conducted by
Van Zyl and Wingfield (1999), assessed the relative susceptibility to Chr.
austroafricana (as C. cubensis} by using the capacity of Eucalyptus clones to close
wounds through callus production. Results indicated that tolerant clones close
wounds significantly faster than susceptible trees. Another method currently used

for resistance screening related to this group of pathogens is by artificial
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inoculation (Ferreira et al. 1977, Alfenas et al. 1983, Van der Westhuizen 1992).
However, it is also important to undertake disease screening in the areas where the
clones will be commercially propagated, due to the genotype x environmental (G x
E) interaction observed for disease susceptibility (Van Heerden and Wingfield

2002).

In the longer term, the impact of Chrysoporthe canker could potentially be reduced
via biological control though hypovirulence. Hypovirulence is associated with the
presence of double-stranded RNA (dsRNA) (van Alfen et al. 1975, Elliston 1985,
Nuss 1992, van Heerden et al. 2001). Van Heerden showed that hypovirulence did
not lead to a significant reduction in canker size, but did alter the morphology of
the canker. Further, morphology of the transfected Chr. austroafricana (as C.
cubensis} isolate is characterized by significantly smaller lesions than those

associated with virulent, virus-free isolate (van Heerden et al. 2001).

Another exciting prospect to reduce the impact of Chrysoporthe canker is by using
DNA microarray technology. The availability of DNA microarray technology will
enhance the rate of tree improvement. Molecular markers tightly linked to
resistance genes will allow assessment of the population and evolutionary genetics
of resistance to Chrysoporthe cubensis and Chr. austroafricana on Eucalyptus.
These markers could be indispensable for map-based approaches fo clone resistance
genes against Chrysoporthe canker. Furthermore, the availabililty of molecular

markers allow for similarity studies b etween s pecies involved in a tree breeding
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programme. A successful hybridization programme, particularly in search of a
hybrid species, does require genotyping of sample individuals from a population.

Genotyping assists in the discovery of positive traits required from parents.

OVERVIEW OF DNA MICROARRAY-BASED MARKER ANALYSIS

TECHNICAL FOUNDATIONS

The field of array technology has evolved from Southem’s key insight that
hybridisation between nucleic acids (one of which is immobilized on a matrix)
provides a core capability of molecular biology (Southern 1975, Kafatos et al.
1979, Southern et al. 1992). Southern blotting was only a small step towards filter-
based screening of clone libraries, which introduced the employment of a pure,
single, labelled oligonucleotide or polynucleotide species in the liquid phase and
complex mixtures of polynucleotides attached to a solid support (Giege et al. 1998,
Lockhart et al. 2000).

More relevant to microarrays is the method using gridded libraries, stored in
microtitre plates and stamped onto filters in fixed positions (dot blotting). Each
clone can be uniquely identified and information about it, accumulated (Southern
1975). The next advance was the automation and reduction in size of the dots on
dot blots. This resulted in the large-scale exploitation of data emerging from
hybridisation experiments (Lennon and Lehrach 1991, Southemn et al. 1992).

Several scientists explored expression analysis by hybridising mRNA to ¢cDNA
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libraries gridded on nylon filters (Jaakola et al. 2001, Voiblet et al. 2001). Although

the ideas for such arrays were sound, the implementation had yet to be clarified.

Interest in array technologies developed rapidly after Ekins patented miniaturised
assays for protein and DNA-RNA measurements in the mid 1980s (Ekins 1987,
Ekins et al. 1989). Stanford University was the first institution to use DNA
microarrays (Shena et al. 1995). Since then, application of the technology has
grown rapidly. The importance is illustrated by ambitious genomic programmes
using microarrays (Baldwin et al. 1999, Richmond et al. 2000) and by the

establishment of core microarray facilities in the United States

(http://www.rana.stanford.edu, http://www.nhgri.nih.gov, htip./www.tigr.org),

Australia (http://www.cambia.org, http://www.agrf.org), Germany

(http://www.mips.bichem.mpg.de) and Switzerland (http://www.unil.ch). Lander et

al. (1999) stated that “it is safe to predict that, not long after the turn of the century,
researchers will be able to purchase standardised oligonucleotides and cDNA arrays

containing the complete sets of 100 000 human and mouse genes” (Reymond et al.

2001).

MICROARRAY TECHNOLOGY

The key principle behind microarray technology is a hybridisation event. One
binding partner, the target, is robotically deposited at indexed locations on a

suitable surface such as a glass microscope slide (Lemicux 1998, Worley et al.

10
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2000, Reymond et al. 2001). T argets c an be o f several t ypes, including p roteins
(Zhu and Snyder 2001, MacBeath 2002, Sydor and Nock 2003), carbohydrates
(Mellet et al. 2003) and tissues (Bubendorf et al. 2001, Hedvat et al. 2002).
However, this review focuses only on two general methods for producing arrays:
DNA-fragment based and oligonucleotide-based chips (Schena et al. 1995, Schena
et al. 1996, Lockhart et al. 1996, Duggan et al. 1999). Detailed descriptions of both
techniques can be found in a number of reviews, covering technical and
comparative aspects of the technologies (Lipschutz et al. 1999, Lockhart et al.

2000, van Hal et al. 2000).

DNA fragment-based microarrays are generally applicable to non-model
organisms, as they require only that a large library of DNA is available as a source
of clones to be arrayed (Gibson 2002). Clones to be arrayed can originate from a
variety of sources including anonymous genomic DNA or ¢DNA clones, EST
clones, or DNA amplified from open reading frames (ORFs) found in sequenced
genomes (Schena et al. 1995). Currently, it is feasible to array up to 10 000 DNA
fragments/ 3.24cm’ on the slide (http://cmgm.stanford.edu/pbrown).

Once produced, the microarrays are hybridised with fluorescently labelled
probes (Marshall and Hodgson 1998, Ekins and Chu 1999, Aharoni and Vorst
2001). The fluorescently labelled samples allow the detection of individual species
at a threshold of one part in 100 000 {(Ruan et al. 1998) to 1 part in 500 000 (Schena
et al. 1996). Since confocal 1 aser scanning microscopy is an extremely sensitive

method for fluorescence measurement at high resolution (Cheung et al. 1999,

11
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Southern et al. 1999, Worley et al. 2000), both weak and strong signals can be
monitored. The technology involved in the fabrication and analysis of DNA arrays
has recently been extensively reviewed (Brazma and Vilo 2000, Haab et al. 2001,

Planet et al. 2001, Foster and Huber 2001).

The alternate oligonucleotide technology, pioneered by Affymetrix GeneChips®
(Pease et al. 1994, Lockhart et al. 1996, Lipschutz et al. 1999, Brown and Botstein
1999), uses light-directed synthesis for the construction of high-density DNA probe
arrays (Lockhart et al. 1996, Bowtell 1999). Affymetrix GeneChips are short
oligonucletide arrays and consist of up to 25-mer oligonucleotides per gene. The
25-mer oligonucleotides utilise perfect match and mismatch pairs that hybridise
specifically or non-specifically (Gibson 2002, Hoheisel 1997). Arrays are
hybridised to a single biotinylated amplified sample, and the intensity measure for
each gene is computed by an algorithm that calculates the difference between the
match and mismatch measurements and averages over each oligonucleotide, rather
than comparing ratios (Gibson 2002). This technology is expensive, but has wide

application for model organisms such as yeast and Arabidopsis.

12
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MICROARRAY MARKERS FOR GENETIC ANALYSIS OF FOREST TREES
MICROARRAY MARKERS FOR DNA FINGERPRINTING

An often overlooked aspect of microarrays is that the sequence or even the origin of
the probes does not need to be known to make interesting observations (Cheung et
al. 1999). The complex profiles, consisting of thousands of individual observations
can serve as a fingerprint. Fingerprints can be used for either the identification of
diagnostic markers suitable for developing new PCR-based detection assays or for
the characterization of population dynamics (genetic distance, similarity,
phylogeny) of different genotypes. Experimentally, associating a particular
genotype with a phenotype is an important step towards dissection of complex
traits such as those associated with disease resistance. Opportunities and challenges

of microarray fingerprinting are highlighted in this review.

DNA microarrays as a diagnostic tool

DNA microarrays could potentially be used as tools to address multiple questions
linked to species identification (Ye et al. 2001). The use of DNA microarrays for
species identification and detection of rifampin resistance in microbes has for
example, been described by Troesch et al. (1999). A total of 26 of the 27 species
used in the study, as well as all rifampin-resistant mutants, were correctly

identified. However, this approach can fail to fully reflect genetic potential of

13
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many organisms. This failure could be overcome by comparative genomic

methods with whole genome arrays of unknown sequences (Jaccoud et al. 2001).

For field applications, a portable system for sample preparation and oligonucleotide
microarray analysis has been reported for microbial systems (Bavykin et al. 2001).
This system has been developed by Nanogen

(http://www.nanogen.com/technology). The company is addressing each step in

the sample-to-result process on microfabricated chip-based devices (Sosnowski et
al. 1997). This includes the integration of electronic cell separation, electronic
sample transport, electronically accelerated hybridisation and electronic
denaturation (Wang et al. 2000). The disposable LabChip has multiple
interconnected reservoirs for samples, sizing ladder,_ sieving matrix and buffers
(van de Goor 2003).

No portable system has yet been developed for DNA microarrays containing
genomic regions with no sequence information. However, it is not difficult to
envision the future counstruction of a DNA microarray that will contain unique
rRNA, chloroplast DNA or other genomic DNA fragments o f i mmobilised p lant
probes for identification purposes. These arrays could be useful in many
applications. Borevitz et al. (2003) has already demonstrated repeatable and
informative allelic variation scanning of the Arabidopsis genome. The same
principle of the system could be used for the development for portable chips for the

detection of resistant trees. However, there remains a lack of comparative data for

14
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cDNA arrays versus long oligonucleotide arrays (Holloway et al. 2002). Care needs

to be taken when changing from oligonucleotide arrays to cDNA arrays.

Genetic diversity studies

DNA microarray technology can also be used for genetic diversity studies.
Genomic hybridisation of a whole genome array can be used to detect molecular
variation between similar DNA regions in plants (Ye et al. 2001). The complex
profiles, consisting of thousands of individual observations, can serve as
‘fingerprints’. These fingerprints can be used to maintain genetic diversity within

breeding populations with respect to disease.

Recently, Diversity Array Technology (DarT) has been used to assay for the
presence (or amount) of a specific fragment in a representation derived from the
total genomic DNA of rice (Jaccoud et al. 2001). DArT™ is a solid state
fingerprinting technique based on AFLP and enables analysis of large numbers of
marker loci without any DNA sequence information. Microarray-based genotyping
as implemented in the DArT™ technique is a 2-dye approach and relies on the
detection of DNA fragments in a complex mixture of selectively amplified
restriction fragments. Reduction of complexity by selective amplification allows
comparison of polymorphic fragments among genotypes. This is achieved by
hybridising DNA to an array containing a large number of DNA fragments, derived
from genomic representations of an organism. The study of Jaccoud et al. showed

that DNA microarrays make it possible to resolve complex genomic samples into
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respective components, offering a method to study genetic diversity at a genome-

wide level.

At present, the major limitations of microarray technology as a marker system are
cost and the difficulty of achieving both highly sensitive (proportion of
polymorphism detected) and highly specific (proportion of true positives) marker
identification. The ability of current efforts to satisfy the demand for one but not
the other, resides in the difficulty of achieving the same hybridisation pattern for
probes (Steinmetz 2000). It should also be noted that studies on genetic diversity
based on molecular markers must be interpreted with caution. There are often low

correlations with patterns of variation for disease resistance.

Inference of family relationships of mating systems

Inference of family relationships of forest trees has drawn increasing interest
recently. This interest is a consequence of the development of hypervariable
markers, such as microsatellites (Lexer et al. 1999) and AFLPs (Gerber et al. 1999,
Wu et al. 2000). These highly polymorphic markers enable parentage analysis and
thus the reconstruction of the mating system and/or gene flow (Dow and Ashley
1996, Ehm and Wagner 1996, Streiff et al. 1999). Furthermore, given additional
genotyped family members, incorrect specification of relationship may be detected
on the basis of apparent incompatibilities with Mendelian inheritance (Boehnke et

al. 1997, Lexer et al. 1999). Within a family, unintentionally duplicated samples,
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half sibs or unrelated pairs can be identified, if a high number of loci are considered

(Goring et al. 1995, Streiff et al. 1999, Ziegenhagen et al. 1999).

To date, only microsatellite markers and AFLPs have successfully been adapted for
segregation analysis of polymorphic bands (Wu et al. 2000). Since co-dominant
(microsatellites) and dominant markers (AFLPs) can be used for the reconstruction
of family relationships within forest tree populations, microarrays may be
considered as an alternative. Microarrays provide a method to quickly genotype
progeny at high resolution at the whole genome level (Borevitz et al. 2003).
Parallel genotyping of a large number of markers permit linkage analysis. This, in
turn, will be sufficient to allow accurate inference of relationships (Boehnke and

Cox 1997).

Phylogenetic reconstruction

Fingerprinting data can be used for phylogenetic studies, if the genome studied fits
the assumptions made by all methods of inference. This is, that organisms evolve
mainly by drift and m utation under a bifurcating tree assumption { Swofford and
Olsen 1991, Rzhetsky and Nei 1993, Allman and Rhodes 2004). Cho and Tiedje
(2001) confirmed that this also applies to microarray data when using
oligonucleotide arrays. These authors showed that cluster analysis of the
hybridisation profiles revealed taxonomic relationships between Pseudomonas
strains tested at species and strain level resolution. The results suggested that this

approach is useful for the identification of bacteria as well as for determining the
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phylogenetic relationships between the isolates. The overall topology of the
dendrogram based on cluster analysis of similarity coefficient matrix was
consistent with the phylogenetic tree obtained from 16S rDNA sequence data

(Moore et al. 1996).

Oligonucleotide microarrays have been used to study phylogenetic relationships
mainly in microbes and pathogens. However, Nouzava et al. (2001) used the DNA
microarray technology to survey repetitive sequences. These authors devised a
modified DNA-microarray-based technique to screen short fragment genomic
libraries. The preliminary study showed that some of newly isolated repetitive
sequences of Vicia species could be used as supportive molecular markers for
phylogenetic reconstruction of this plant. A similar method can be used for

microarray analysis of forest trees.

IDENTIFICATION OF MICROARRAYS LINKED TO SPECIFIC GENES OF INTEREST USING
BSA

Since no near-isogenic lines (NILs) exist for forest trees, Bulked Segregant
Analysis (BSA) provides an alternative method for identifying markers linked to
resistance in forest trees (Michelmore et al. 1991, Weeden et al. 1994, Wilcox et al.
1996). The underlying principle of BSA is the grouping of informative individuals,
so that a particular genomic region is studied against a randomised genetic

background of unlinked loci. Informative individuals are representatives of
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phenotypic extremes for a segregating trait and are bulked in two separate pools
(Giovannoni et al. 1991, Lynch et al. 1997, Hill 1998). It is assumed that the
individuals at the ends of the phenotypic distribution have opposing homozygous
alleles for the trait in question. All the other loci forming the randomised genetic
background are assumed to be in a heterozygous state due to the random
contribution of these unselected alleles (Michelmore et al. 1991). Therefore, the

polymorphisms identified are closely linked to the target locus {Asims 2002).

BSA can also be used to target multiple loci of highly heritable traits (Michelmore
et al. 1991). This is especially important for disease resistance breeding in forest
trees, because genetic variation for host resistance in endemic pathosystems
typically appears continuous (Wilcox et al. 1996). With BSA, it is possible to
determine the number of genes involved in resistance of a tree, or whether all trees
harbour an inordinate number of susceptibility alleles (Mackay et al. 2000). At
present, only a few discrete resistance genes are known in forest trees. Inheritance
of disease resistance in forest trees has been commonly explained by polygenic
models, where resistance is controlled by many genes, each with a small additive
effect (Kinloch et al. 1970, Robinson 1987; von Weisenberg 1990, Kinloch and

Walkinshaw 1991, Wilcox et al. 1996, Van Heerden et al. 2002).
BSA and three molecular techniques, namely restriction fragment length

polymorphisms (RFLPs), amplified fragment length polymorphisms (AFLPs) and

random amplified polymorphic DNA (RAPDs), have most commonly been used to
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develop DNA-based molecular markers (Groover et al. 1994, Grattapaglia and
Sederoff 1994, Bradshaw and Stettler 1995, Grattapaglia et al. 1995). However, the
molecular techniques are constrained by their reliance on gel electrophoresis. This
hampers the processing of a large number of samples in parallel {Smith and Beavis
1996). In contrast, the microarray technology holds the promise of parallel analysis
of thousands of markers at the whole genome level. This will improve the
candidate gene selection process. Further, microarrays may also be useful for BSA
as the two bulks can be labelled with different dyes and incubated in a single

microarray reaction. This would simplify comparisons considerably.

GENE MAPS AND QTL DETECTION

Genetic linkage maps can be used to locate genes affecting quantitative traits
(Wayne and Mc Intyre 2002, Borevitz et al. 2003). Quantitative traits are usually
controlled by many genes, termed quantitative trait loci (QTL). By using molecular
markers linked to one or more QTL, information at the DNA level can be used for
early selection. Molecular marker maps have been constructed for the major
commercial genera of forest trees, such as eucalypts, pines and acacias. Updated

information can be obtained at http://dendrome.uc.davis.edu/index.html (Groover et

al. 1994, Bradshaw and Stettler 1995, Grattapaglia 1996).

Until recently, only microarray expression profile studies had been used to map

genes (Winzeler et al. 1998, Cho et al. 1999, Brem et al. 2002, Wenzl et al. 2004).
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However, high-density arrays can also be powerful new tools for parallel
genotyping of a large number of markers of unknown sequence (Steinmetz et al.
2002). Informative spots obtained in this way can function as forensic fingerprints
to assist selection in forest tree breeding (Samuel et al. 2003). The ability to use
arrays for detection of variation lies in the specificity of DNA hybridisation, which
allows the detection of polymorphisms within complex genomes. Polymorphisms
are detected as DNA segments, which amplify from one parent but not the others,

and can be used to construct genetic maps (Grattapaglia 1996).

Microarray technology, together with the large amount of sequence information,
will allow marker-trait association studies in economically important forest tree
species. Expressed gene sequences (ESTs), or full-genome sequences can be used
to design probes for single nucleotide polymorphisms, or other types of
polymorphisms. Such polymorphisms detected in segregating progeny can then be
used to construct genetic maps. Borevitz et al. (2003) ailready demonstrated the use
of microarrays to demarcate recombination events along chromosomes of
recombinant inbred lines of Arabidopsis. Since chromosomal regions that have a
measurable effect on economically important traits can be identified, microarrays

hold the potential for the genome-wide selection of superior plant materials.
Although significant progress in marker genotyping with oligonucleotide arrays has

been made in recent years, genotyping with microarrays is still in its infancy

(Hardenbol et al. 2003, Borevitz et al. 2003, Wenzl et al. 2004). A great deal of
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information must still be developed on the effective incorporation of markers. It is
essential that clonally replicated experiments in several locations and genetic
backgrounds are established (Schuchhardt et al. 2000). It is also important to
understand that if a particular QTL allele is not detected in all genetic backgrounds,
this does not imply that the locus is not present (Yanchuk 2002). Other better
alleles at that locus occur in the population, which can be used for subsequent

analysis (Byme et al. 1997).

DEVELOPMENT OF SCARS

Sequence characterised amplified regions (SCARs) are also known as allele
specific associated primers (ASAPs), or sequence tagged sites (STSs). ASCAR isa
genomic DNA fragment at a single genetically defined locus that is identified by
PCR amplification (Paran and Michelmore 1993). These markers are designed by
cloning and subsequent sequencing a polymorphic fragment of interest. The unique
nature of the marker system is determined by the sequence and spacing of the
primer sequences, rather than by hybridisation. This makes the marker system ideal
for routine screening of forest trees (Demeke and Adams 1994, Barreneche et al.

1998).

Current methods of SCAR-based marker discovery typically involve the detection
of s equence v ariation using a m arker t echnology. R APD and AFLP markers are

most commomly used to develop SCARs (Paran and Michelmore 1993; Adam-
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Blondon et al. 1994) as they obviate the need for specific probe development, and
are rapidly applied and technically simple. Although both marker systems have
many advantages for SCAR development, they are restricted somewhat by their
dominant nature, the sensitivity of the amplifications to precise reaction conditions
and their dependence on gel electrophoresis. The necessity to run PCR products on
a gel hampers the ability to process a large number of samples. This may be
overcome by hybridisation-based microarrays, which would allow for the

discrimination of allelic variation at several thousand loci in a single assay.

SCARs have successfully been used to obtain markers linked to brown spot needle
blight resistance in longleaf pine (Nelson et al. 1994), and to the eastern filbert
blight resistance genes in Corylus avellana (Mehlenbacher et al. 2004). These and
other studies have shown that SCARSs are reproducible, show low variability among
different thermocyclers and when different DNA polymerises are used (Melotto et
al. 1996, Schachermeyr et al. 1995). Therefore SCARs allow a level of
reproducibility between laboratories that is independent of the method employed in
the physical mapping. However, SCARs have no yet been developed from

microarray markers.

MAP-BASED CLONING OF RESISTANCE GENES

The use of molecular markers has enabled geneticists to accelerate breeding

programs (Shepherd et al. 1995, Xu et al. 1996, Yang et al. 1997). Using molecular
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markers, tightly linked markers for particular genes of interest can be identified and
cloned using map-based cloning procedures (Young 1990). Gene-flanking regions
that contain at least one of two flanking markers are cloned and used to construct
contigs spanning the genomic region defined by the molecular markers. By tagging
economically important genes it is possible not only to select for presence of those
genes in individuals, but also to isolate and introgress genes from one line to

another.

Breeders expect marker-assisted selection to be useful, particularly in situations
where trait heritability is low, typically in selection at the individual tree level
(Grattapaglia 1996). With high heritability, the phenotype becomes a more efficient
predictor of a genotype (Bradshaw and Grattapaglia 1994). However, an absolute
requirement for the selection of traits based on map-based cloning of a gene is that
markers must be closely associated with the gene (Winter and Kahl 1995, Feuillet

et al. 1995).

Although map-based cloning has been successful in many species, the question that
remains is whether there are real opportunities for incorporating microarrays as a
genetic marker system in free breeding programs. Microarrays might not be
suitable for programs with small budgets and where significant gains can be
achieved by implementing other marker systems or conventional selection

procedures coupled to map-based cloning. The effective incorporation of
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microarrays in breeding programems will require significant experimental work

before they can be used as a marker system.

DATA ANALYSIS AND MANAGEMENT

During the course of the next few years, microarray technology is likely to become
an integral part of molecular biology laboratories around the world (Kazan et al.
2001). Along with the rapid development of microarray technology, more data will
be generated (Cole et al. 1998, Schena et al. 1998). The sensible storage, analysis,
mterpretation and management of this data will be a major challenge (Debouck and
Goodfellow 1999, Wilson et al. 2002). Efforts to construct public repository
databases for the management of information on the primary results of
hybridisation and the construction of algorithms making it possible to examine the
outputs from single and multiple experiments are clearly needed (Chen et al. 1997,

Douglas et al. 1999).

Another requirement for microarray analyses is effective software for efficient
handling of hybridisation-based DNA fingerprints or to extract binary scores from
hybridisation data. The majority of available microarray software has been
designed for expression profiling studies. For fingerprinting applications, the
presence or absence o f fragments (dominant s coring) or signal intensity (for co-

dominant scoring) has to be determined to construct a fingerprint. Furthermore,
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quality values must be assigned to each data point to evaluate the reliability of the
combined fingerprint. Scoring markers remains tedious, and in many cases current

programs fail to identify all fingerprints (Bassett et al. 1999).

At present, there is no standard solution for microarray data analysis and storage
software. Successful interpretation of data will rely on integrating experimental
data w ith e xternal i nformation r esources, such as those encompassed by NCBI’s
Entrez system (Mc Entyre 1998, Schuler et al., 1996) and software available in
public domains. Just as the nucleic acid and protein sequence databases depend on
input from many groups, public microarray databases will similarly stimulate a
level of analysis that is not possible with narrowly defined data sets. Patenting and
trade marking should not be allowed to affect technology development, distribution
and access (Duyk 2002). Co-operation seems to be a more likely option and has
solved similar problems in the microelectronics industry before (Bassett et al.

1999).

CONCLUSIONS AND FUTURE DIRECTIONS

DNA microarray technology has a great number of potential applications that could
be used in the improvement of forest trees. Geneticists have predominantly
improved forest trees based on phenotypic ¢ haracteristics. Due to the s ubstantial
time between seed germination and sexual maturity, trees have not benefited

greatly from traditional breeding approaches. The availability of automated, highly
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efficient, fast and productive technologies must clearly enhance the opportunities
for, and the rate of tree improvement. This can be achieved by using DNA
microarray technology. DNA microarrays allow genome-wide and high-throughput
analysis for the identification of trait-linked markers available to the plant breeders
in future, and therefore improve the efficiency of breeding programs (Borevitz et al.
2003). This will not only make loci and gene-specific markers available to the plant

breeders, but will also increase our understanding of tree genomes for breeding

purposes.

Despite remarkable progress, DNA microarrays are still in their early stages of
development and this presents many challenges. One of the most challenging
aspects relating to microarray technology in the next decade will deal with the flow
of data generated (Bassett et al. 1999). Efforts to normalise and analyse data, as
well as to centralise the information in public repository databases, are clearly
needed. In addition, more effective software tools will be needed for the efficient
handling of hybridisation-based DNA fingerprints or to extract binary scores from
hybridisation data. The large amounts of data generated in microarray analyses
often go beyond the research interests of the individual scientists that have
produced them. Therefore, data should be shared by all researchers to ensure
maximum impact of research. In future, researchers will most likely be required to

submit their microarray data to a public depository before publication.

27



&
W UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
h 4

YUNIBESITHI YA PRETORIA

Although there are difficulties associated with data analysis and management of
microarray results, useful applications are already emerging and others will
undoubtedly follow. Innovative efforts, coupling fundamental biological and
chemical sciences with technological advances in the field of micro-fabrication
should lead to even more powerful devices that will accelerate the realisation of
large-scale genetic testing (Wang, 2000). In the short term, we expect that DNA
microarray technology will continue to be evaluated as a marker technology. DNA
microarray technology and structural genomic tools, such as sequencing, will help
to improve trees. Sequencing of plant genomes will allow for the saturation of
existing forest tree maps. This will make loci and gene specific markers available

to plant breeders in future.

In the long term, we expect that the ability to exploit and manipulate the genomes
of forest trees will be possible. This is because of advances in the output of large-
scale sequencing efforts and achievable advances in array technology (Lockhart et
al., 2000). The combined use of microarray technology, sequence information,
computational tools, integrated knowledge databases, biology, chemistry, physics,
mathematics and genetics will increase the understanding of the mechanisms of
disease. Locating, identifying and cataloguing genotypic differences will be the
first steps in relating genetic variation to phenotypic variation in both normal and
diseased states. However, the full potential of this technology as a marker system
will depend on the number of laboratories that will use and evaluate the potential of

microarray technology in theoretical and applied forest tree breeding. For
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microarray technology to meet its full potential, it will need to become an integral
part of the daily activities of the molecular biology laboratories (Mc Dowell et al.

2003).

The potential applications of DNA microarrays as a method for genetic marker
analysis in forest tree breeding has been described in this review. It is likely that
DNA marker technology will evolve rapidly in the coming years. Instruments for
preparing microarrays and more effective software programs for analysing data
from microarray experiments are continuously being improved. We thus expect that
DNA microarray analysis as a method for genetic marker analysis will greatly

assist forestry breeding programs.
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CHAPTER TWO

DEVELOPMENT AND ASSESSMENT OF MICROARRAY-

BASED DNA FINGERPRINTING IN EUCALYPTUS GRANDIS

Published: Theoretical and Applied Genetics (2004) 109: 1329-1336
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ABSTRACT

Development of improved Fucalyptus genotypes involves the routine identification
of breeding stock and superior clones. Currently, microsatellites and random
amplified polymorphic DNA (RAPD) markers are the most widely used DNA-
based techniques for fingerprinting of these trees. While these techniques have
provided rapid and powerful fingerprinting assays, they are constrained by their
reliance on gel or capillary electrophoresis, and therefore, relatively low throughput
of fragment analysis. In contrast, recently developed microarray technology holds
the promise of parallel analysis of thousands of markers in plant genomes. The aim
of this study was to develop a DNA fingerprinting chip for Eucalyptus grandis, and
to investigate its usefulness for fingerprinting of eucalypt trees. A DarT-prototype
chip was prepared using a partial genomic library from total genomic DNA of 24
Eucalyptus grandis trees, of which 22 were full siblings. A total of 384 cloned
genomic fragments were individually amplified and arrayed onto glass slides. DNA
fingerprints were obtained for 17 individuals by hybridising labeled genome
representations of the individual trees to the 384-element chip. Polymorphic DNA
fragments were identified by evaluating the binary distribution of their background-
corrected signal intensities across full-sib individuals. Among 384 DNA fragments
on the chip, 104 (27%) were found to be polymorphic. Hybridisation of these
polymorphic fragments was highly repeatable (R* > 0.91) within the E. grandis
individuals and they allowed us to identify all 17 full-sib individuals. Our results
suggest that DNA microarrays can be used to effectively fingerprint large numbers

of closely related Eucalyptus trees.
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INTRODUCTION

Eucalyptus spp. are widely planted as exotics in many tropical and subtropical
regions of the world (Eldridge et al. 1993). Since many of these plantations are
commonly developed using vegetative propagation, the routine identification of
clones and selection of elite genotypes has become increasingly important. Until
recently, tree breeders have had to rely on detailed pedigree information and careful
labeling to identify individual trees in breeding programs. However, incorrect
identification 1s common and poses a major problem in forestry operations (Keil et
al. 1994). DNA-based molecular markers have provided a solution to this problem.
Several studies have thus shown that individual genotypes can be discriminated
using molecular markers (Epplen et al. 1991; Nybom1991; Weising et al. 1991).

A variety of molecular marker techniques can be used for DNA
fingerprinting. These techniques include restriction fragment length polymorphisms
(RFLPs, Botstein et al. 1980), simple sequence repeats (SSRs, Weber and May
1989), random amplified polymorphic DNAs (RAPDs, Williams et al.1990), and
amplified fragment length polymorphisms (AFLPs, Vos et al. 1995). Despite the
high throughput a fforded b y some o f these m ethods, they are all constrained by
their dependence on gel electrophoresis. This hampers the processing of a large
number of samples or markers in parallel (Smith and Beavis 1996). Furthermore,
several of these methods require processing with many independent restriction

enzymes or probes to achieve low error rates.
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Originally designed for analysis of gene expression, DNA microarrays

permit the parallel processing of large numbers of DNA fragments immobilised on
a solid-state surface (Schena et al. 1995)] To adopt microarray technology for
fingerprinting and diversity studies, Jaccoud et al. 2001 recently reported the
development of Diversity Array Technology (DArT™) in rice, while Borevitz et al.
2003 reported the use of oligonucleotide| arrays to detect and gemotype single
feature polymorphisms (SFP) in Arabidppsis. No oligonucleotide arrays are
available for Eucalyptus and therefore, the Diversity Array technique is the only
microarray-based genotyping method that would be applicable for these trees.
DArT™ is a solid state fingerprinting technique based on AFLP and enables
analysis of large numbers of marker loci
Microarray-based genotyping as implemented in the DAXT™ technique is a 2-dye
approach and relies on the detection of DNA fragments in a complex mixture of
selectively amplified restriction fragments. Reduction of complexity by selective
amplification allows comparison of polymorphic fragments among genotypes. This
is achieved b y hybridising DNA to an array ¢ ontaining a 1arge number o f DNA
fragments, derived from genomic representations of an organism. However, plant
genomes contain large amounts of highly repetitive DNA sequences and it is not
clear how this feature might affect the rigor of hybridisation-based fingerprinting.
The aim of this study was to develop a prototype microarray chip to
evaluate the potential of DNA microarrays for fingerprinting closely related

Eucalyptus clones. In this study, the reproducibility of microarray hybridisation
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profiles in Eucalyptus grandis was evaluated and recommendations for using this

technology in plantation forestry were provided.

MATERIALS AND METHODS

Plant material and DNA extraction

A total of 15 full-sib progeny of E. grandis clone ZG14 {Mondi Forests, South
Africa) were fingerprinted in this study. Clone ZG14 was used in a controlled cross
with E. grandis clone TAG-S (Mondi Forests), from which 22 cloned progeny
(clones 44D, 32A, 67D, 36E, 31C, 62D, 74C, 53B, 12C, 17C, 10D, 28D, 18C, 60D,
30B, 4D, 13C, 44C, 17D, 74C, 16C and 56E) were selected for the generation of a
genomic representation of the whole full-sib family ( described b elow). G enomic
DNA was extracted from tree ZG14 and one ramet of each tree as described by
Murray and Thompson (1980). The second parent tree (TAG-S) was lost during
the early stages of this study and plant material was not available for it. A DNA
sample was, therefore, obtained from tree TAG-5, a putative sibling relative of

TAG-S.

Generation of genome representations

The method used for preparation of genome representations (Figure 1) was

essentially the same as that described by Jaccoud et al. (2001). DNA samples were
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pooled from 23 trees (144 ng DNA in total from 22 full-sib progeny and parental
tree ZG14). The DNA in the pool was digested with 20 U Ps#l using buffer H
(Roche Diagnostics GmbH, Mannheim, Germany) in a reaction volume of 50 pL.
The reactions were incubated at 37°C for 3 h and the restriction enzyme removed
using an equal volume of phenol:chloroform. The DNA fragments were then
precipitated with 100% EtOH and 100 mM NaCl. The precipitated DNA was
washed with 70% ETOH and resuspended in 20 pl deionized water to a final
concentration of 30 ng/pl.

Purified DNA was ligated to PstI-specific adapters (Jaccoud et al. 2001) in
a total volume of 30 pl at 10°C, overnight. The ligation mixture consisted of 1X
ligation buffer, 2 U T4 DNA ligase (Roche Diagnostics GmbH), 10 ng/pL 1 BSA
{Amersham Biosciences, Piscataway, USA), 1.0 mM ATP (Amersham
Biosciences) and 10 pM Pst adapters. After ligation, 0.2 mM EDTA was added
and the samples were heated at 70°C for 5 min to inactivate the ligase. The mixture
was then diluted to 100 ul with water and 2 pl used as a template in a subsequent
selective PCR reaction.

The PCR was performed in 50 ul containing 0.8 pM PCR primer (adapter
+T), 0.25 mM of each dNTP, 1 U Taq polymerase, and 1 x reaction buffer (Roche
Diagnostics GmbH). The PCR amplification consisted of 30 cycles of 94°C for 30
sec, 53°C for 45 sec, and 72°C for 1 min, with an initial denaturation step of 94°C

for 5 min, and a final extension step of 72°C for 8 min.
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Cloning, PCR amplification and sequencing of genomic fragments from

representations

The amplified products were inserted into the PCR 2.1-TOPO vector using a T/A
cloning kit (Invitrogen, Carlsbad, California, USA). After transforming Escherichia
coli TOP 10F host cells with ligation products, single colonies were grown
overnight at 37°C in LB medium containing 50 pg/m! ampicillin. Recombinant E.
coli clones were diluted in 1 vol of 50% glycerol and stored at -80°C. From each
culture, 10 pl were transferred to 10 pl water and boiled for 10 min to disrupt the
cells and release plasmid DNA into the growth medium. A 1 ul aliquot of this
solution was used in a 100 pl. PCR reaction with M13 forward (-20) and M13
reverse primers (Invitrogen). The reaction mix contained 1X PCR buffer, 1 U Tagq
polymerase (Roche Diagnostics GmbH), 0.25 mM of each dNTP, and 0.4 pM of
gach primer. The PCR amplification consisted of 30 cycles of 94°C for 30 sec,
53°C for 30 sec, and 72°C for 1 min, with an initial denaturation step of 95°C for 5
min, and a final extension step of 72°C for 7 min. Aliquots of the PCR products
were separated on a 1.4% agarose gel for quality control. The remainder of each
sample was then precipitated in 90% ethanol and 0.9 mM NaAc (pH 5.2) to
exclude low molecular weight fragments. The precipitate was collected by
centrifugation at 3600 x g for 30 min. Pellets were washed in 70% ethanol, dried,
and then resuspended in deionized water at ~ 250 ng/pl.

Out of 384 amplified clones, forty random clones were sequenced. The
insert sequences were subjected to similarity searches in GenBank using BLASTN

and BLASTX. BLAST alignments were used to estimate the number of repetitive
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clones in the library that could result in cross-hybridisation or uninformative spots

on the array.

Array printing and processing

Equal volumes (10 pL each) of purified PCR product and 100% DMSO were
transferred into a 384-well plate (Amersham Pharmacia Biotech). Eight replicates
per fragment were arrayed on each slide at 250 um spacing onto Vapour Phase
Coated Glass Slides (Amersham Pharmacia Biotech) using a Molecular Dynamics
Gen III spotter at the African Centre for Gene Technologies (ACGT) Microarray
Facility, University of Pretoria, Pretoria, South Africa
(http://fabinet.up.ac.za/microarray). Following printing, the slides were allowed to
dry at 45-50% relative humidity ovemight. Spotted DNA was then bound to the

slides by UV-crosslinking at 250 mJ and baking at 80°C for 2 h.

Preparation of labeled probes

For microarray hybridisations, genome representations from parent tree ZG14 and
15 full-sib progeny were used. Tree TAG-5, the putative relative of parent TAG-S,
was also included. Probe DNA from individual plants was prepared by restriction
enzyme digestion of genomic DNA (144 ng per tree), ligation of restriction
fragments to adapters, and subsequent amplification following the protocol
described above. Amplicons were precipitated in one volume isopropanol to
remove excess dNTPs. Labeling of the amplified fragments was carried out using

the Klenow fragment of DNA Polymerase I (Roche Diagnostics GmbH). Each

59



&
W UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
h 4

YUNIBESITHI YA PRETORIA

labeling reaction contained 5 pg amplified DNA, 1.8 mM dNTP mix (0.3 mM of
dATP, dGTP, dCTP each, 0.8 mM of dTTP, 0.1 mM Cy3-dUTP (Amersham
Biosciences, Buckinghamshire, UK), 1 x hexanucleotide mix (Roche Diagnostics,
GmbH) and 8 U K lenow enzyme ( Roche D iagnostics GmbH). T he reaction w as
incubated at 37°C overnight. After labeling, the DNA was column-purified

(QIAquick PCR purification Kit, Qiagen GmbH, Germany).

Hybridisation and washing

Microarray slides were pre-hybridised for 20 min at 60°C in a solution containing
3.5 x SSC, 0.2 % SDS and 1% BSA (Roche Diagnostics GmbH). Slides were
rinsed three times in deionized water and dried with N; gas. The Cy3-labeled probe
was then dissolved in hybridisation solution containing 50% formamide (SIGMA),
25% 2 x hybridisation buffer (Amersham Pharmacia Biotech), and 25% deionized
water. The mixture was denatured at 92°C for 5 min and quickly cooled on ice. The
denatured probe (approximately 35 pl) was pipetted directly onto the microarray
surface and covered with a glass coverslip (24 mm x 60 mm, No.1, Marienfeld,
Germany). Slides were placed in a custom made hybridisation chamber (N. B.
Engineering Works, Pretoria, South Africa) and incubated for 16 -18h in a 42°C
water bath.

After hybridisation, slides were washed once in 1 x SSC, 0.2% SDS at 37°C
for 4 min, twice in 0.1 x SSC, 0.2% SDS at 37°C for 4 min, twice in 0.1 x SSC at
room temperature for 1 min, and then rinsed in deionised water for 2 seconds.

Slides were dried using N»-gas.
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Scanning, image processing and data analysis

Slides were scanned using a GenePix 4000B Scanner (Molecular Dynamics, USA).
The mean pixel intensity within each spot and the local background the spot were
determined using Array Vision 6.0 sofiware (Imaging Research Inc., Molecular
Dynamics, USA). All signal intensities were background corrected. Abnormal
spots (e.g. high background, dust, irregularities, etc.) were manually flagged for
removal. Anomalous spots not detected through manual inspection were removed if
the signal 1ntensity of such spot was greater than 1 0% ofthe mean ofthe eight
replicates on each slide. The mean background-corrected spot intensity of the
remaining replicates of each DNA fragment was used in subsequent data analyses.

The single dye (Cy3) data were normalised across slides by regression on
the spot intensity data for tree ZG14, which was used as a reference for
normalisation of all progeny data. The normalised data were then converted into

log; intensity values.

Identification of polymorphic fragments

Polymorphic DNA fragments were identified in Microsoft Excel based on the
bimodal d istribution o f t heir normalised intensity values across slides, ¢ onsistent
with their segregation as dominant PCR-based testcross (Aa:aa = 1:1) or intercross
(A:aa = 3:1) markers. Relative intensity values were obtained by scaling the signal

intensities to that of the DNA fragment with the highest intensity value across
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slides (set to 1.0). The ranked spot intensities were plotted for each DNA fragment,
and identification of DNA fragments with bimodal distribution was based on the
presence of two clearly defined intensity classes with mean relative intensity values
differing by at least 0.5. A binary scoring table of polymorphic spots was
developed for all the Eucalyptus trees analyzed. The data for all the polymorphic
spots were used to calculate the relative “distances” between the hybridisation
profiles of individual Eucalyptus trees using Spearman correlation and hierarchical
clustering (CLUSTER, available at http:/rana.lbl.gov/}). The clustering results

were visualized with TREEVIEW {Eisen et al. 1998).

Verification of DNA polymorphisms

Two of the DNA polymorphisms detected in the array experiment were analysed
by Southern hybridisation. PstI digested total genomic DNA of nine individual
trees were resolved on agarose gels and transferred to nylon membranes. Probes
representing two of the polymorphic DNA fragments were labeled and hybridised
to the PstI digested DNA on the nylon membranes using the DIG High Prime DNA

Labeling and Detection Starter Kit I (Roche Diagnostics GmbH, Germany).

Reproducibility of DNA microarray fingerprints

Tests were done on the reproducibility of hybridisation profiles starting from
independently prepared genome representations, and that of stripping and re-

hybridisation of the same slides. Repeated stripping and re-hybridisation of slides
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allows for multiple rounds of hybridisation on the same slides. To test the
reproducibility of the hybridisation fingerprints obtained from stripped slides,
slides were treated using the protocol of Dolan et al. (2001) with minor
modifications. Used slides were immersed four times in stripping buffer (2.5 mM
Na;HPQy, 0.1% SDS) at 95°C for 25 s. Slides were then washed in deionised water
at room temperature for 2 seconds and dried using N;-gas. Stripped slides were
scanned to verify that all signal had been removed. The stripped slides were then
used for a repeat of the same hybridisation as before, but with independently
labeled DNA. Data analysis was performed as described above.  Independent

replicates were also prepared from fresh leaf samples of the genome representations
of tree ZG14. These genome representations were labeled and hybridised to new
slides. Signal intensity values of the replicate hybridisations were plotted against

each other in Microsoft Excel.

RESULTS

DNA Microarray Analysis

To consider the potential use of microarrays for fingerprinting Eucalyptus clones, a
prototype DNA microarray chip was constructed with selectively amplified
restriction fragments of pooled genomic DNA of an E. grandis full-sib family. The

technique used to generate a genome representation of the full-sib family and of
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each Eucalyptus tree employs the principle of AFLP (Vos et al. 1995). The
complexity o f e ach g enomic DNA sample w as reduced 1 6-fold by using + 1/+1
selective nucleotides for PCR amplification of genomic restriction fragments. PCR
amplicons prepared in this way ranged from 0.2 to 1.5 kb with an average insert
size of 700 bp. Sequencing of 40 of the cloned PCR products revealed that there
was a low proportion (17%) of “repeat” clones (i.e. clones with microsatellite or
other simple repeat sequences, or multiple copies of the same genomic DNA

fragment) in the Eucalyptus library generated {data not shown).

Proportion of polymorphic fragments useful for fingerprinting

To determine the proportion of polymorphic DNA fragments on the fingerprinting
chip, tree ZG14 and 15 full-sib progeny were used in single dye experiments
(Figure 2). While many of the array features were common (momomorphic) to all
individuals (58%), or showed no hybridisation signal (15%), many (104 or 27%)
were clearly polymorphic among individuals. However, only 55 of these spots
(15%) were selected for further analyses. The analysis was limited to these 55 spots
because clear threshold values (difference of 0.5 in relative intensity between two
intensity classes) could be assigned for them (Figure 3A) and they were easily
convertible into a binary scoring table (results not shown). In contrast, non-
polymorphic spots, including both clearly monomorphic loci and loci that were not
possible to score as either monomorphic or polymorphic (Figure 3B), exhibited a
greater proportion of high relative intensity values. This can be attributed to the fact

that monomorphic loci share the same signal intensities. Polymorphic spots for
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which no clear threshold values could be assigned are responsible for the lower
relative intensity values.

The CLUSTER software programme allowed us to visualise the
relationships of the hybridisation profiles using TreeView (Eisen et al. 1998, Figure
4). The branching orders of duplicate experiments were all identical and duplicate
experiments clustered as nearest neighbors. However, depending on which
similarity metric setting was used, the overall branching order varied substantially.
Since the Spearman correlation analysis provides a more conservative and reliable
estimation of the relationship between hybridisation profiles (Murray et al. 2001),
this correlation was used for data analysis. The dendrogram generated merely
provides a means to visualize the relationship of fingerprints and should not be seen
as representative of genetic relationships between the full-sib progeny.

Al} of the hybridisation profiles were unique and allowed unambiguous
discrimination of the full-sib individuals. The probability of obtaining a particular
55- locus fingerprint is 2.7 x 107, assuming no linkage among polymorphic spots.
This provides an upper estimate of the discriminating power of our data. Randomly

selected small subsets of polymorphic DNA fragments were used to determine that

as few as 7 polymorphisms were sufficient to discriminate among full-sib progeny.

Reproducibility

To assess the reproducibility of the experimental procedure, replicate experiments
were performed for nine individuals (Figure 2 and Figure 4). Signal intensities of

the experimental replicates exhibited regression coefficients (R%) ranging from 0.90
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to 0.93 (Table 1). These are considered to reflect acceptable levels of
reproducibility for microarray analysis (Hertzberg et al. 2001). These values were
compared to the repeatability of binary scores obtained from the same
hybridisations. Binary scores of replicate experiments were on average 1.5%
higher than regression coefficients.

The regression of the hybridisation (normalized signal intensity) data
obtained from two different sources of DNA (Figure 5) for the parent ZG14
revealed a linear regression coefficient (R*) of 0.91. This was not significantly
different from the regression coefficient obtained for the experimental replicates of
the same tree (R’ > 0.93), suggesting that independent DNA sampling did not

introduce much additional experimental variance.

Validation of DNA polymorphisms

Two polymorphic DNA fragments (no 227 and 229) were analyzed by S outhern
hybridisation. When probe 227 of the genomic library was hybridised to a blot of
the representations, trees 44D, 32A, 67D, TAG-S, 36E and 30B produced a band of
300bp in size, while a band of 430bp was detected for the other genotypes. The
genomic Southern blot of probe 229 resulted in a band of 500bp in the case of trees
28C, ZG14, 60D, 17C, 10D, and a band of 300bp in size for the other genotypes.
These RFLP banding patterns were converted to absence/presence of a band.
These RFLPs were consistent with the bimodal hybridisation pattemn observed for

these two probes in the microarray experiment (Table 2).
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Stripping and re-use of slides

Coefficients of determination, which are a measure of the correlation between two
variables (experiments), were observed .to be higher than 0.90 in replicate
hybridisation experiments on stripped slides (data included in Table 1). This
confirmed that re-used slides resulted in reproducible data. Although the signal
intensities decreased on average by 10% after each successive hybridisation (Figure

2), spot signal intensities remained detectable and were quantifiable.

DISCUSSION

In this study we have shown that microarray technology can be used for genome-
wide fingerprinting of closely related Eucalyptus trees. Several features of the DNA
microarray technology make it attractive for this purpose. The DNA for
hybridisation is prepared by selective PCR amplification of short restriction
fragments. This means that <250 ng of total genomic DNA provides essentially
unlimited starting material for future genotyping of the same trees. This technique,
like AFLP analysis, also allows genomic fingerprinting of organisms such as
Eucalyptus tree species with no prior DNA sequence information (Jaccoud et al.
2001). Most importantly, analysis of the polymorphic fragments is not restricted by
the need for gel electrophoresis, and thousands of p olymorphic loci in each tree

genome, can potentially be analysed in a single assay. Gel electrophoresis in
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contrast is limited in throughput and suffers from difficulties in precisely matching

allelic variants of the same size on different gels (Ticknor et al. 2001).

Despite the recent progress that has been made towards the application of
microarray technology for DNA fingerprinting and high-throughput genotyping in
plants (Jaccoud et al. 2001, Borevitz et al. 2003), cross-hybridisation remains a
problem. The highly repetitive DNA content of plant genomes undoubtedly resuits
in cross-hybridisation of DNA fragments to printed probe DNA. This increases the
overall spot intensity of many probes, and it masks potential polymorphisms. It has
been demonstrated that small regions of similarity can lead to cross-hybridisation
on oligonucleotide microarrays. Kane et al. (2000) found that in 50-mer
oligonucleotide arrays, cross-hybridisation occurred between fragments of
relatively low sequence similarity. This has also been observed on microarrays with
PCR-based probes (Wren et al. 2002). In general, cross-hybridisation of many
different g enomic fragments will result in the conversion of polymorphic probes
into monomorphic probes. However, a much more serious problem is presented by
background segregation of a small number of strongly cross-hybridising fragments,
which will result in mixed hybridisation patterns and incorrect marker phenotypes.
This problem can be detected at the locus level in segregating progeny, but not in

population or fingerprinting studies.

The prototype microarray chip developed in this study for fingerprinting

Eucalyptus clones allowed for the discrimination among full sib progeny and thus
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very closely related individuals. The hybridisation profiles obtained for Eucalyptus
grandis individuals were highly repeatable (R > 0.9), and allowed us to identify
distinct intensity classes (bimodal intensity distributions) for 55 (14.3%) of the 384
printed probes (Figure 3). An additional 49 of the probes showed bimodal intensity
distributions, but the overlap between the two intensity classes for these probes was
inordinately great to easily assign them to presence or absence classes. The total
proportion of bimodal probes (27%) and polymorphisms (14.3%) that could be
scored was somewhat lower than the rate of polymorphisms ofien reported for gel-
based AFLP markers in outcrossed Eucalyptus pedigrees (up to 50%, Myburg et al.
2003). T he lower rate o f s corable p olymorphisms i s most probably the result o f
cross-hybridisation obscuring polymorphic features. This is in addition to the
“normal” inaccuracies introduced during labeling and hybridisation.

In an outcrossed pedigree, the majority of restriction fragment
polymorphisms would be expected to segregate in testcross configuration (Aa:aa =
1:1), while a smaller proportion are expected fo segregate in intercross
configuration (AA:Aa:aa = 1:2:1 or 3:1). The majority of fragments will segregate
as testcross fragments since a higher heterozygosity is expected in an outcrossing
pedigree. Our pedigree set (15 full-sibs) was not sufficiently large to reliably
distinguish between intercross and testcross segregation patterns, or to determine
whether these fragments can be scored in a dosage dependent (co-dominant)
fashion on microarrays. Therefore, the bimodal intensity distribution shown in
Figure 3A probably contains a mixture of testcross and intercross fragments, which

may explain the wide and high.
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Signal intensity differences among genotypes can be compared across arrays using
either single-dye or two-dye colour detection. The Diversity Array technique as
described by Jaccoud et al. (2001) represents a two-dye approach. Differences
among genotypes (presence or absence of fragments) are detected by comparing the
Cy3 signal of each array element to the Cy5 signal of a reference (another genome
representation, or a labeled vector fragment). Polymorphic spots show a bimodal
distribution of log ratios relative to the reference. The use of a vector-based
reference therefore provides an internal standard for each spot and a way to control
for differences in the amount of DNA spotted on each array. However, if the same
amount of DNA is spotted in each position across atrays, as can be expected for
spots printed with the same pin, the value of the reference channel has to be
balanced against the additional cost of labeling. Significant variation in printing
across arrays was not observed, and therefore used a single-dye approach and
normalized signal intensities rather than signal ratios. The normalised intensities
were used to identify polymorphic spots based on their bimodal frequency

distribution across individuals.

Reproducibility is essential in genotyping and fingerprinting. We tested for
reproducibility of fingerprinting profiles at the experimental and biological level
and found that the R* of normalized mean signal intensities was always higher than
0.90 in duplicate experiments, even when different sources of genomic DNA were
used). The observed variability in signal intensities of 6 — 9 % between replicates of

the same individual (in different labeling and hybridisation reactions) can be
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ascribed to variability in the experimental process. Spot variability probably
resulted from inaccuracies introduced in labeling, array hybridisations, signal
detection and quantification, or low hybridisation signal. A higher frequency of
errors at lower signal intensities was also observed due to signals being close to the
background noise (Hertzberg et al. 2001). In comparison to the mean signal
intensities, the (dominant) binary scores obtained from the same hybridisation data
were more repeatable (>95%). This was due to the fact that correct scores could
still be obtained when signal intensities varied within signal intensity classes, and
due to the low occurrence of spots that varied sufficiently to be erroneously
classified. In addition, the repeatability of the hybridisation profiles based on the 55
scored polymorphic probes was on average approximately 1.5% higher than that

based on the full set of 384 probes (data not shown).

The power of microarray-based fingerprinting lies in its ability to compare
different genomes at large numbers of loci, in a single assay. In this context, direct
comparison of signal intensity profiles may allow accurate identification of
individuals, if proper normalization procedures are followed. Our results suggest
that binary scores based on underlying hybridisation patterns are only marginally
more repeatable than the hybridisation data. However, binary (or ideally co-
dominant) scores are required to determine allelic frequencies in target populations
and in order to calculate probabilities of misidentification for forensic purposes.
Binary scores are also required for linkage analysis in mapping pedigrees.

Although the use of this technology for linkage mapping still remains to be tested,
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our results suggest that the technology is useful for rapid genome-wide comparison
of closely related germplasm. This study showed that the branching orders of
replicate hybridisation fingerprints were all identical and replicate fingerprints all
clustered as nearest neighbors. This allowed for the unambiguous identification of

Eucalyptus grandis individuals and the identification of two unknown samples

(included as blind test samples).

Microarray-based fingerprints may allow the identification of genomic regions
shared between related individuals, or identification of genomic regions inherited
from specific parents in outcrossed pedigrees. Borevitz et al. (2003) recently
demonstrated the use of oligonucleotide probes to demarcate recombination events
along chromosomes of recombinant inbred lines of Arabidopsis. In our case, map
information is not available, but in the future the internal sequences of probes will
be useful to link polymorphisms to a genome sequence when that becomes
available for Fucalyptus. The clustering of probes into columns according to levels
of similarity based on their hybridisation (or segregation) patterns across
individuals suggests the presence of major linkage groups. This approach may
allow ordering of polymorphic markers if the population size is increased

adequately.

No dedicated software products are currently available to define hybridisation-
based DNA fingerprints or to extract binary scores from h ybridisation d ata. The
majority of available microarray software is designed for two-color expression

profiling studies. For single-color fingerprinting applications, such as the one used
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in this study, the presence or absence o f fragments (dominant s coring) or s ignal
intensity (for co-dominant scoring) has to be determined to construct a fingerprint,
and quality values need to be assigned to each data point to evaluate the reliability
of the combined fingerprint. Kingsley et al. (2002) used the APEX (automated peak
extraction) algorithm to measure spot intensities, and to determine whether a spot is
“on” or “off”. This algorithm has advantages over the software used in the present

study, and should be considered for future work.

The long-term objective of the research presented in this study is to develop a
larger array, or set of arrays, with informative probes that can be used for genome-
wide fingerprinting of most commercially planted Eucalyptus tree species. This
will require multiple rounds of selection of polymorphic probes within E. grandis,
and selection of polymorphic probes in other species or interspecific mapping
pedigrees. Such an array of polymorphic probes will be useful to saturate existing
genetic linkage maps, and may also aliow comparative mapping of many eucalypt
genomes. Future fingerprinting arrays may be based on oligonucleotides residing in
genes (Borevitz et al. 2003) or on genomic restriction fragments such as those

cloned in this study.
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Table 1. Repeatability of hybridization profiles and binary scores. R® values are

based on two separate labeling reactions and hybridisations starting from a single

genome representation of each individual.

R*? Repeatability of

FEucalyptus individual no Hybridization profile  binary scores”
ZG14 (parent tree) 93.53 98.18
ZG14 (parent tree — biological

replicate)” 91.47 94.55
TAG-5 (relative) 91.72 96.37
18C 92.34 96.37
28C 91.79 94.55

53B 93.95 98.18

36E 92.52 96.37
30B 93.09 96.37
67D 91.86 94.55

74¢ 93.97 98.18

* Based on the spot intensities in two replicate experiments of all 384 features on
the array.

® Proportion of polymorphic probes (55 total) with same binary score across
experimental replicates [1-(number of misscores/55)]x 100%

¢ For tree ZG14, in addition to a direct experimental replicate, an i ndependently

obtained DNA sample and genome representation was used as biological replicate.
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Table 2. Hybridization patterns of individual RFLP alleles and microarray features.

Hybridization patterns were only determined for replicated individuals (see Table 1).

ZG14 74C 18C 28C 53B 36E 30B 67D TAG-
5
Probe RFLP allele _ _ _ _ + + B + +
227 (300 bp)
Microarray _ B 3 3 + + B + +
hybridisations
Probe RFLP allele _ _ + + o+ o+ o+ o+ +
229 (350 bp)
Microarray _ _ + +  + o+ 4+ o+ +
hybridisations
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Figure 1. Schematic representation o fthe

used in this study. Note that a pooled D
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representation that was print
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Figure 2. Microarray hybridization patterns of two different Fucalyptus
individuals on the same section of the slide. Each column represents four replicates
of the same spot. (A) Hybridization fingerprint of Eucalyptus individual 67D and
(B) parent ZG14. C and D are hybridization of the same individuals on replicate,

stripped arrays.
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Figure 3. Examples of signal intensity distributions of log-transformed
hybridisation data among 17 Eucalyptus individuals. (A) Distribution of relative
(normalized) log intensities of four random polymorphic fragments that show a
clear bimodal distribution across slides. (B) Non-polymorphic spots show a

unimodal distribution.
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Figure 4. TreeView (Eisen et al. 1998) representation of relationships of
hybridization profiles among 17 Eucalyptus individuals based on microarray
analysis with the 384-probe array. Columns represent hybridization profiles of
individuals (or replicates) and rows represent the mean log intensities for labeled
DNA/DNA hybridisations across individuals. Red and green bars indicate high and
low mean log intensity values, black bars indicate intermediate values and grey
bars show missing data. N ine o f the h ybridisations w ere p erformed in replicate
(indicated as R EP). The replicate for ZG14 is a biological replicate, i.e. starting

from independently obtained leaf samples of the same tree.
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Figure 5. Log plot of the microarray hybridisation signals of Eucalyptus individual
(ZG14). The signal intensity obtained with ZG14 (xaxis) was plotted against its

biological replicate.
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CHAPTER THREE

IDENTIFICATION OF MICROARRAY MARKERS ASSOCIATED
WITH CHRYSOPORTHE AUSTROAFRICANA TOLERANCE IN
EUCALYPTUS USING DIVERSITY ARRAY TECHNOLOGY
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ABSTRACT

Eucalyptus spp. are important plantation trees in South Africa and other parts of the
world. The canker fungus Chrysoporthe austroafricana, previously known as
Cryphonectria cubensis in South Africa, has resulted in serious damage,
particularly to clonal plantations. Selection of disease tolerant Eucalyfpus planting
stock is thus a priority of the South African forestry industry. The aim of this study
was to develop DNA-based molecular markers for Chrysoporthe tolerance in
Eucalyptus grandis using a bulk segregant analysis (BSA) approach and Diversity
Array Technology (DATT). A genotyping microarray had previously been prepared
by arraying a partial library of genomic restriction fragments of 24 Eucalyptus
grandis trees onto a glass slide. The multi-locus marker genotypes of tolerant and
susceptible bulks, as well as individual genotypes of the progeny, were determined
using a 384-feature prototype genotyping array. BSA revealed a total of 109
scorable, polymorphic loci, of which nine appeared to be associated with tolerance
or susceptibility. Two DArT markers were converted to cleaved amplified
polymorphic sequence (CAPS) markers, which discriminate susceptible and
tolerant individuals. This study shows that DArT-based genotyping in combination
with BSA provides a powerful approach for the detection of markers associated
with disease tolerance in forest trees, and it should be equally applicable m other

crop species.
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INTRODUCTION

Chrysoporthe cubensis, previously known as Cryphonectria cubensis (Gryzenhout
et al. 2004), i1s one of the most important pathogens of plantation-grown Eucalyptus
spp. (Hodges et al. 1979, Hodges 1980, Florence et al. 1986, Wingficld et al. 1989).
The fungus causes a serious stem canker disease and it is widely accepted to have
influenced changes to vegetative propagation of Eucalyptus spp. for plantation
development (Wingfield et al. 2003) in areas where climatic conditions favor the
development of the disecase (Hodges et al. 1979, Alfenas et al. 1982, Sharma et al.
1985b, Florence et al. 1986).

A fungus very similar to and originally thought to be the same as Chr.
cubensis (Gryzenhout et al. 2004) causes a serious stem canker disease of
Eucalytpus in South Africa (Gibson 1981, Hodges et al. 1986, Micales et al. 1987,
Wingfield et al. 1989, Roux et al. 1999, 2003). S pecimens previously treated as
Cryphonectria cubensis from South Africa could, however, be distinguished
morphologically from those representing Chrysoporthe cubensis and have thus
been described as Chrysoporthe austroafricana (Gryzenhout et al. 2004). The
discovery of Chrysoporthe austroafricana and the associated canker disease on
Eucalyptus in South Africa (Wingfield et al. 1989) has caused concern regarding
the impact that the disease could have on the success of Eucalyptus plantations in

this country.
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A substantial part of the forestry industry in South Africa depends on the
wide-scale planting of Eucalyptus clones. The result is large areas of genetically
uniform stands that are seriously threatened by pests and diseases (Wingfield
1990). Thus, 1t has become important for forestry companies both in South Africa
and elsewhere 1n the world to implement an effective disease management strategy
for these pathogens (Wingfield 2003).

Deployment of Fucalyptus planting stock, tolerant to canker caused by Chr.
austroafricana, is considered the only feasible means of controlling the disease in
affected areas (van Zyl 1990, Wingfield 2003, van Heerden et al. 2003). Trials to
test disease tolerance of clonal hybrids using traditional breeding methods are time-
consuming and costly. In addition, efficient selection of tolerant clones is possible
only after trees are more than one year old (van der Westhuizen et al. 1992). Rapid,
yet reliable, screening methods for disease susceptibility or tolerance are thus
needed to identify and deploy tolerant genotypes.

Polymerase chain reaction (PCR)-based marker systems have been
available for more than a decade. Among these, RAPD (Williams et al. 1990),
AFLP (Vos et al. 1995) and SSR (Weber and May 1989) have been used
extenstvely for fingerprinting, gene-tagging and mapping (Brondami et al. 2002,
Myburg et al. 2003). These marker systems are technically accessible and rapidly
provide polymorphic markers with universal reagents and assay protocols.
However, they require gel electrophoresis for marker genotyping. Common
limitations of gel electrophoresis are the limited number of detectable

polymorphisms (up to 100 on the highest resolution acrylamide gels), and
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difficulties in the precise correlation of bands with allelic variants resolved on
different gels (Jaccoud et al. 2001).

Recently, methods have been developed for genotyping very large numbers
of marker loci in parallel based on microarray hybridization of genomic DNA
fragments. Jaccoud et al. (2001) reported the development of Diversity Array
Technology (DArT™). This technique relies on the detection of DNA fragments in
a complex mixture of selectively amplified restriction fragments and was recently
used to develop the first genetic maps in a plant species (barley) based on
microarray markers (Wenzl et al. 2004). Borevitz et al. (2003) reported the use of
oligonucleotide arrays for repeatable and informative detection of allelic variation
in the Arabidopsis genome. Since no oligonucleotide arrays are available for
Eucalyptus, DAIT is the only microarray-based genotyping method currently
applicable in these species. This technique provides a tool for the parallel analysis
of thousands of restriction fragment-based marker loci in the Fucalyprus genome,
and we have used it for genome-wide fingerprinting of closely related Fucalyptus
trees (Lezar et al. 2004).

In this study, DAIT was used as a tool to identify markers associated with
tolerance to Chr. austroafricana in Eucalyptus. Putative tolerance-associated
markers were identified by bulk segregant analysis (BSA; Michelmore et al. 1991)
and converted to cleaved amplified polymorphic sequence (CAPS, Konieczny et al.

1993) markers for further characterization in segregating Eucalyptus populations.
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MATERIALS AND METHODS

Plant material and DNA extraction

A full-sib pedigree of Eucalyptus grandis was used to identify the DArT markers.
This pedigree c onsisted o f progeny from a controlled cross of the susceptible E.
grandis clone ZG14 (Mondi Business Paper South Africa) and a single tolerant E.
grandis tree TAG-S (Mondi). Genomic DNA of twenty-two clonally propagated F|
progeny and the two parents were used for the generation of a genomic
representation of the whole full-sib family (Lezar et al. 2004). Genomic DNA was
extracted from young leaves as described by Murray and Thompson (1980). A
DNA sample was also obtained from TAGS (Mondi), a putative sibling relative of

TAG-S, because tree TAG-S was lost during the early stages of this study.

Canker assessmient

A total of 210 F, progeny (two clonal ramets per F; individual) and the two
parental genotypes (ramets of clones ZG14 and TAGS) were planted in a
commercial trial near Kwambonambi, Kwazulu-Natal, South Africa in 1997. The
clonal replicates were planted in a randomized block design and maintained using
standard silvicultural procedures. All parent and progeny trees in the trial were
inoculated with one isolate (CMW 2113) of Chr. austroafricana. This isolate was

previously shown to be highly virulent in a population of isolates (van Heerden et
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al. 2001). The inoculum was prepared by culturing the fungus on 2% Malt Bxtract
Agar (MEA,; 20 g Malt extract/ 1000 ml water) plates. For inoculations, a cambial
disc was removed from the main stems at a height of approximately 140 cm using a
20-mm diameter cork borer. A disc taken from the actively growing margin of a
culture of Chr. austroafricana was placed in each wound with the mycelium facing
towards the inside. To reduce desiccation, wounds were sealed with masking tape.
Lesion lengths were measured 11 weeks after inoculation. The data collected from
this trial were used to identify 11 disease tolerant and 10 susceptible ¥; progeny
(Figure 1)} that had the most extreme phenotypes and exhibited consistent
phenotypes in three consecutive years of disease assessment. Genomic DNA was
obtained from disease-free clonal ramets of these F, progeny and used for

microarray analysis.

Microarray analysis

A 384-probe prototype DAIT microarray was constructed by arraying genomic
restriction fragments derived from total genomic DNA of 22 F; progeny and two
parents onto glass slides (Jaccoud et al. 2001, Lezar et al. 2004). The DArT
fragments were prepared by digesting a mixture of genomic DNA of all 24 trees
with the restriction enzyme Ps¢I followed by ligation of enzyme-specific adapters
to the restriction fragments. The genome complexity was reduced by selective

amplification using adaptor primers ending in a single selective nucleotide (Lezar
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et al. 2004). Eight replicates of the 384 DArT fragments were arrayed on each
slide.

For BSA, two bulk genome representations were constructed by mixing
equal amounts of genomic DNA of the 10 susceptible and 11 tolerant F| genotypes
(from the phenotypic extremes, Figure I), respectively, followed by restriction
digestion and reduction of genome complexity as described above. A multi-locus
DArT genotype was generated for each bulk genome representation by hybridizing
differentially labeled (Cy3 or Cy5) genome representations of the two bulks to the
384-probe DArT genotyping array. Probe DNA preparation, labeling and
hybridization were carried out following the published DArT procedure {Jaccoud et
al. 2001) with modifications described by Lezar et al. (2004). One technical
replicate of each hybridization was performed, each replication consisting of a
reverse labeling experiment. In addition, the whole experiment was repeated with
fresh DNA samples (i.e. four microarray slides were used in total). DAIT
genotypes were generated for the individual F progeny included in the bulks and
for the parents in a recent DArT fingerprinting study (Lezar et al. 2004). Array
Vision 6.0 software (Imaging Research Inc., Molecular Dynamics, USA) was used
to quantify the signal intensities of the array features.

For BSA, DArT fragments that differentiated the DNA pools derived from
the tolerant and susceptible F, progeny were identified. Signal intensity ratios
between the susceptible and tolerant bulks were obtained by dividing the
normalized average signal intensity (across four reverse labeling replicates and

eight spot replicates) of the tolerant bulk by that of the susceptible bulk. The log,
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fold change and significance of the difference in bulk means were computed in
SAS (version 8.2, Cary, NC, USA) for each of the 384 DArT features as described
elsewhere (Okinaka et al. 2002). A Bonferromi multiple testing threshold (0.05/384
= 0.00013) was used to obtain an experiment-wise significance threshold of o =
0.05.

For analysis of the individual F) progeny and parents, the signal intensities
of the parents and F, individuals were background corrected and normalized across
slides by regression on the spot intensity data for parent ZG14 (Lezar et al. 2004).
The normalized signal intensity values were used for identification of
polymorphisms among F, individuals (Lezar et al. 2004).

DAIT markers that differed significantly between the two bulks were
evaluated in each of the 21 F, progeny constituting the bulks and in parent ZG14
using the single-dye (Cy3) experiments reported earlier (Lezar et al. 2004).
Polymorphic DArT fragments were identified in Microsoft Excel based on the
bimodal distribution of their intensity values across slides, consistent with their
segregation as dominant PCR-based testcross (Aa:aa = 1:1) or intercross {A:aa =
3:1) markers. Each polymorphic DArT marker was scored for the presence (AA or
Aa) or absence (aa) of the fragment in the genome representations of F progeny
and parent ZG14. The observed segregation ratios in the F; progeny were used to
select a subset of markers with significant signal intensity differences between the

two bulks and that were exclusively present in tolerant or susceptible Iy progeny.
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Sequencing of DArT markers

Nine DArT fragments that were putatively associated with tolerance were
sequenced and subjected to similarity searches to reveal the possible identity of
each tolerance marker. The cloned DNA fragments were recovered from
Escherichia coli TOP10F’ host cells harboring the genomic library. Recombinant
E. coli clones were grown overnight at 37°C in LB medium containing 50 pg/ml
ampicillin. A 1.0 pL aliquot of this solution was used for PCR with the M13
forward (-20) and M13 reverse primers ( Invitrogen) as described by Lezar et al.
(2004). Amplified fragments were then column-purified (QLAquick PCR
purification Kit, QIAGEN GmbH) for sequencing on an ABI 3100 DNA sequencer
(BigDye v3.2, Applied Biosystems). All fragment sequences were subjected to

similarity searches using BLASTN and BLASTX.

CAPS marker design and analysis

For all nine sequenced D ArT fragments, genome walking was carried out in the
forward direction (across the 3’end of the cloned fragment) and the reverse
direction (across the 5’end of the fragment) in two susceptible and two resistant
individuals as described by Siebert et al. (1995). Each successfully cloned genome
walking product was evaluated for the presence of a Psil restriction site plus

approximately 200 nucleotides beyond the restriction site. Eight pairs of CAPS
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primers (Table 1) were designed using the Primer Designer 4 package (Version 4.2,
Scientific and Educational Software, Cary, NC). The CAPS fragments were
amplified in 20 pl containing 0.4 pM of each forward and reverse primer, 0.25 mM
of each dNTP, 1X reaction buffer (Roche Diagnostics GmbH), 0.8 U Tagq
polymerase (Roche), and 6 ng template DNA. The PCR amplification consisted of
10 cycles of denaturation at 94°C for 30 sec, primer annealing at 63°C (reduced by
1°C per cycle) for 30 sec, and primer extension at 72°C for 1 min; 25 cycles of
denaturation at 94°C for 20 sec, primer annealing at 53°C for 30 sec, and primer
extension at 72°C for | min; with an initial denaturation of 94°C for 2 min, and a
final extension of 68°C for 15 min. Following amplification, 12 pl of the reaction
mix were transferred to a new tube and digested with 5 U of PssI. Digested
amplification products were resolved in 2.5% agarose gels. The marker phenotype
of each CAPS marker was determined in parent Z(G14, the 21 F, progeny used for
BSA and in the two bulks. The CAPS markers were further tested in an additional
21 susceptible and 20 tolerant F, progeny of the same cross that also exhibited

reliable disease phenotypes.
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RESULTS

Canker assessment

After 11 weeks, inoculations on the parental and F, trees resulted in stem lesions of
variable length. The F| progeny differed significantly in lesion length producing a
phenotypic distribution with non-overlapping extremes (Figure 1). This result was
expected since the parent trees were known to differ in tolerance. Only the most
susceptible and most tolerant trees with consistent data over three consecutive years

were selected for further analysis using microarrays.

Identification of DArT markers assoclated with tolerance

Sixty-two of the 384 array features showed some amount of differentiation between
the contrasting bulks. Out of the 62 polymorphic features identified, 23 (6.0%) had
stgnificantly higher signal intensities in the tolerant bulk, while 39 (10.2%) had
significantly higher intensities in the susceptible bulk at the Bonferroni-corrected
threshold. Putative DAIT markers differentiating the two bulks were evaluated in
the 21 individuals included in the bulks (data available in Lezar et al. 2004, plus
four additional individuals).

The CLUSTER and TreeView software (Eisen et al. 1998) allowed
visualization of the relationships of the bulk and individual hybridization profiles

(Figure 2). Two unique sub-clusters were identified that were associated with
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canker tolerance. Sub-cluster I contained five DArT markers that were absent in all
tolerant and present in all susceptible individuals (Figure 2), while sub-cluster 11
contained four markers that were absent in all susceptible and present in all tolerant
Eucalyptus individuals. Therefore, only 9 (2.3% of 384) of the 62 polymorphic
features were present in all individuals of one bulk and absent in all individuals of
the other. They were consequently targeted for CAPS marker development (Table

2).

Sequencing of microarray markers associated with tolerance

Similarty searches based on the sequenced DArT fragments revealed that four
fragments (78, 167, 189 and 341) were not homologous to any sequences in public
databases. However, one fragment (4) showed weak similarity to Arabidopsis
disease tolerance protein RPP8. Fragment 39 showed similarity to Lotus japonicus
genomic DNA, while fragments 73 and 312 showed similarity to an Arabidopsis
thaliana CTP-synthase-like protein and Solanum tuberosum mRNA for putative
external rotenone-insensitive NADH dehydrogenase respectively. All E-values

showed weak similarities.

CAPS marker development

Sequence data obtained from the cloned genome walking fragments revealed that

for eight of the nine DArT markers, there were base-pair or indel polymorphisms
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among susceptible and tolerant F; progeny within the PsfI restriction sites at the 3’
end of the original DArT fragments. One fragment had a polymorphism in the
5’Pstl restriction site. Specific primers were designed to amplify DNA fragments
containing the Pstl restriction site plus at least 200 nucleotides beyond the site
(Table 1). We were able only to amplify eight of the nine CAPS fragments (results
not shown). Two of the eight primer sets were successfully used in CAPS marker
assays. Primers F178 and R178 amplified a monomorphic band of 600 bp in all
parents an F, progeny, as expected from the sequence data. After restriction
digestion of the fragment with Ps¢l, it was possible to differentiate between
susceptible and tolerant individuals (Figure 3 A). A 600 bp undigested b and w as
present in ail susceptible F; individuals, whereas fragments of 500 bp and 100 bp
were observed in all tolerant F individuals. Three susceptible individuals (45, 47,
50) were heterozygous for the CAPS marker. Amplification of DNA with primers
F312 and R312 resulted in a monomorphic band of 700 bp. Subsequent restriction
digestion with PstI produced a 600 bp and 100 bp band in the 10 susceptible
individuals and a 700 bp undigested band in the 11 disease tolerant individuals
(Figure 3B).

Primers for DArT markers 352, 4, 189, 73, 167, 39 were also tested in
susceptible and tolerant individuals, but the P CR products were found nottobe
useful for CAPS analysis. The primers 4, 39 did not identify single loci, but
produced multiple bands. To overcome this problem, annealing temperatures were

increased. However, this resulted in loss of amplification. Primers 352, 189, 167,
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73 amplified monomorphic bands, but showed no polymorphisms between

individuals after restriction digestion when run on agarose gels (results not shown).

DISCUSSION

In this study, bulk segregant analysis (BSA, Michelmore and Paran, 1991) and
DArT enabled us to identify restriction polymorphisms associated with tolerance to
stem canker caused by Chrysoporthe austroafricana in a segregating full-sib family
of E. grandis trees. A DArT genotyping microarray was p reviously prepared by
selective PCR amplification of short restriction fragments derived from total
genomic DNA of 24 Fucalyptus grandis trees onto a glass slide (Lezar et al. 2004).
The multi-locus marker genotypes of tolerant and susceptible bulks, as well as
individual genotypes of the progeny, were determined using a 384-feature
prototype DAIT genotyping array. Direct comparison of signal intensities revealed
that of a total of 109 scorable, polymorphic loci, nine appeared to be associated

with tolerance or susceptibility.

The combination of BSA and DArT 1s an efficient approach to rapidly identify
genomic markers linked to traits of interest. Up to 10 000 DArT fragments can be
printed on a single array, which allows very high genome coverage for gene-
tagging in segregating families, or even in natural populations. The observed

number of putatively associated markers detected with BSA (nine) c orresponded
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well with that predicted for one or two major tolerance genes. If we assume that
linkage can be detected within a third of a chromosome, then 11.6 (384/33) of the
markers could be expected to be linked to a single tolerance locus. Of the 384
DArT loci assayed, nine (2.3%) were found to have very different signal intensities

in the resistant and susceptible bulks.

Several features of DArT make it attractive for genome-wide fingerprinting of
Eucalyptus clones for the 1dentification of trait-linked markers. This technique, like
AFLP, allows genomic fingerprinting of organisms such as Fucalyptus with no
prior DNA sequence information (Jaccoud et al. 2001, Wenzl et al. 2004). More
importantly, the DNA for hybndization 1s prepared by amplification of short
restriction fragments derived from throughout the genome using generic adapter
primers. This eliminates the need for single PCR amplifications with different
primers followed by restriction digestion as is used in CAPS (Paran et al. 1993) or
PCR-RFLP approaches (Williamson et al. 1994), and allows a wvery high
multiplexing ratio. The technology is, however, fairly expensive. This limits its
usefulness for routine marker analysis of large numbers of trees. However, the fact
that all DArT fragments are cloned before printing, allows the wvery quick
conversion o f D ArT m arkers to simple, ¢ o-dominant P CR-RFLP based markers.
PCR-RFLP based markers are less expensive to use for routine screening and
marker-assisted breeding and m ore i nformative than D ArT markers at the single

marker level.
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In this study, BSA revealed a total of 109 scorable, polymorphic loci, of which nine
appeared to be associated with tolerance or susceptibility. We were able to
successfully convert two of the nine DArT polymorphisms to co-dominant CAPS
markers. These co-dominant markers provide a valuable tool for the accurate
assessment of the genotype at the linked locus in mostly heterozygous forest trees.
The two CAPS markers co-segregated perfectly with the DArT markers from
which they were derived. However, failure of the enzyme Psfl to digest the
amplified fragment would result in the incorrect scoring of genotypes. The activity
of the enzyme should, therefore, be monitored by including known resistant and
susceptible controls in marker assays. The remaining seven of the putatively
associated DArT markers were not successfully converted to CAPS markers. We
were not able to amplify one of the CAPS fragments, while the primers designed
for two of these markers did not identify single loci. The other four CAPS markers
that amplified the same size fragment from all individuals failed to digest with Ps¢l.

We are investigating the design of the primers and identity of the PCR fragments.

The power of DArT fingerprinting combined with BSA lies in its ability to track
the segregation of specific genomic regions inherited from the two parents in
outcrossed pedigrees. Borevitz et al. (2003) reported the use of oligonucleotide
arrays to demarcate recombination events along chromosomes of recombinant
inbred lines of Arabidopsis. Unfortunately, genetic map information is not
available for the cross of E. grandis parents used in this study and internal

sequences of probes could not be used to link polymorphisms to a genome
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sequence. Nonetheless, we found that the clustering of the DArT markers according
to similar hybridization patterns across individuals suggested the presence of major
linkage groups. Clustering of DArT markers allowed us to identify two unique

subclusters that corresponded to Chrysoporthe canker tolerance or susceptibility.

The approach used in this study to identify microarray markers associated
with tolerance to stem canker in Eucalyptus caused by Chr. austroafricana, should
be applicable to other traits and other plant species. The long-term objectives of
the research presented in this study is to analyze linkage relationships in a larger set
of F, progeny and to associate the two markers identified with tolerance n

FEucalyptus grandis breeding populations at a genome-wide level.
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Table 1. List of primers developed for evaluation of CAPS markers

Spot Number Primer Name" W
5 >0 3
312 F312
312 R312
178 F178
178 R178
352 F352
352 R352
4 F4
4 R4
73 F73
73 R73 ‘.A CCGCCGGA
189 F189 'I‘GCAGTAOGGAGGCI‘-;G’I“
189 R189 CCGAGGATCTTGAATCTC
167 F167 TCCAGTGCAGTTGCCAACA
167 R167 GAGCAGTAACCGTTGAC
39 F39 CTGCCTGATGCAGACA - /
39 R39 TACTGTCGGACGGGCAGAT

* The forward primers (F) were used for genome walking. T
were designed based on the genome walking products.
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Table 2. Putative markers for tolerance to Eucalyptus stem canker caused by Chr.

austroafricana, based on signal intensity ratios and segregation patterns in F,

progeny

MARKER

IDENTIFICATION Ratio (Telerant v, Susceptible) P-value Individual Data

SpoT NO Tolerant Susceptible

4 2.402 0.00007 11 10

39 2257 0.00001 11 10
73 2.033 0.00005 11 10
78 0.451 0.00001 10 11
167 0.380 0.00000 10 11
189 0.422 0.00000 10 11
312 0.472 0.00000 10 11
341 3.757 0.00000 11 10
352 4.955 0.00000 11 10
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Figure 1. Mean lesion length (mm) of 61 F, progeny with consistent disease
phenotypes after artificial inoculation with Chrysoporthe austroafricana for 3
consecutive years (1997-1999). The results are based on one replicate per tree and
three annual measurements. Standard deviations are indicated by error bars.

Additional trees genotyped with CAPS markers are indicated by *.
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Figure 2. TreeView (Eisen et al. 1998) representation of clustering of
hybridization profiles among 21 Fucalyptus individuals based on microarray
analysis with the 384-probe array. Columns represent hybridization profiles of
individuals (or replicates) and rows represent the mean log intensities for labeled
DNA/DNA hybridisations across the parent ZG14 and the individuals of the full-
sib progeny. Green bars and red bars indicate high and low mean log intensity
values and black bars indicate intermediate values. The numbers I and II represent
sub-clusters identified associated with canker tolerance. Sub-cluster I contains
DArT markers that were absent in all tolerant and present in all susceptible
individuals, while sub-cluster II contained markers that were absent in all

susceptible and present in all tolerant Eucalyptus individuals.
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Figure 3. Electrophoretic pattern of PCR-amplified DNA products digested with
Psil enzyme among F; derivatives of Fucalyptus grandis. (A) DNA fragments
amplified with primers F78 and R78. Trees TAGS — 40: F, denivatives of parent
ZG14 and TAG-S are all tolerant, whereas trees 45 — ZGI4 are susceptible
genotypes. (B) DNA fragments amplified with primers F312 and R312. Trees
TAGS - 40 are tolerant genotypes and lanes 45 — ZG14 are susceptible genotypes.
F| progeny with intermediate disease phenotypes after artificial inoculation with

Chrysoporthe austroafricana are indicated by *.
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CHAPTER FOUR
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ABSTRACT

Species of Eucalyptus are used extensively in the establishment of commercial
forest plantations in South Africa and other parts of the world. These plantations
are commonly established using large numbers of different clones and hybrids.
Deployment and management of nursery material can be complicated and tools
to easily verify the identity of planting stock has become increasingly important.
Our aim was to assess the value of Diversity Armray Technology (DArT) as a
diagnostic tool to identify Eucalyptus species and hybrids. For this purpose, a
384-probe prototype DArT chip was constructed by arraying DNA fragments of
an interspecific F, hybrid backcross progeny set of Eucalyptus grandis and
Eucalyptus globulus on glass slides. DAIT fingerprints were obtained for six
Eucalyptus species (E. grandis, E. camaldulensis, E. tereticornis, E. globulus,
E. smithii and E. nitens) and five hybnds (£. grandis X E. nitens, E. grandis X E.
camaldulensis, E. grandis X E. globulus, E. grandis X E. tereticornis and E.
grandis X E. smithii) by hybridising labelled genomic representations of the
individual trees to the 384-probe array. Microarray analysis showed that of the
384 DNA fragments on the chip, 142 (37%) were polymorphic among hybrids.
Our results suggest that DArT is an efficient DNA marker technology to
differentiate Fucalyptus species and F) hybrids and thus to more effectively

manage plantation programmes.
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INTRODUCTION

Eucalyptus species are commonly used to establish commercially important
plantations in many parts o f the world. The genus Eucalyptus includes more
than 900 species that differ markedly in their value for forestry (Pryor and
Johnson 1971; Chippendale 1988; Eldridge et al. 1994). The species of
Eucalyptus that have been most commonly used for plantation forestry reside in
three sections of the subgenus Symphyomyrtus, 1.e. Latoangulatae, Exsertaria
and Maidenaria (Brooker and Kleinig 1994; Steane et al. 2002). Species in
these three sections have been used to produce superior F; hybrid progeny
including hybrids with a variety of valuable traits such as disease tolerance,
accelerated growth, wood quality and drought tolerance (Eldnidge et al. 1994).
Many Fucalyptus hybrids used in South African plantations were
naturally generated during the early stages of plantation forestry. During this
period, Eucalyptus species were commonly planted in multi-species trials.
Several generations of open pollination and natural selection produced
Eucalyptus populations that were well adapted to the South African
environment. A variety of such natural hybrids displaying favourable
characteristics were consequently used in breeding programmes. As a result,
many of the commercially grown South African Fucalyptus genotypes are
believed to be natural hybrds, and not pure species (Eldridge et al. 1994,
Steenkamp et al. 2003). 1t is thus important to know the species composition of
improved Eucalypius genotypes for further genetic improvement of such trees.
Eucalyptus species are relatively easy to hybridise, but interspecific
hybridisation is most successful between species of the same section of a

subgenus. Crosses between species in different sections of a subgenus often
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result in hybrids with reduced viability and fertility (Gniffin et al. 1988). Crosses
may result in very low seed set and a high proportions of abnormal hybrid
plants (Myburg et al. 2003). Such an example is the cross between Eucalyptus
grandis (section Latoangulatae) and Eucalyptus globulus (section Maidenaria)
(Griffin et al. 2000). From a management and developmental perspective, trees
to be crossed could be chosen based on their genomic composition when
producing interspecific F, hybrids (Myburg et al. 2003). Currently, a wide
variety of natural and artificial hybrids are used in breeding programmes, and
methods are needed to identify and discriminate pure species and hybrid
genotypes. It would also be desirable to know what parts of genomes have been
introgressed in advanced hybrid generations.

DNA-based molecular marker techniques provide a powerful approach
for o btaining robust and unambiguous identification o f breeding and planting
stock. These techniques include restriction fragment length polymorphisms
(RFLPs, Botstein et al. 1980), simple sequence repeats (SSRs, Weber and May
1989), random amplified polymorphic DNAs (RAPDs, Williams et al. 1990),
and amplified fragment length polymorphisms (AFLPs, Vos et al. 1995).
Despite the robustness and high throughput afforded by some of these methods,
they require the amplification of individual markers, which have to be analysed
serially by gel electrophorests.

Microarray technology provides a tool for the parallel processing of very
large numbers of DNA fragments immobilized on a solid-state surface (Schena
et al. 1995). To adopt microarray technology for fingerprinting and diversity
studies, Jaccoud et al. (2001) reported the development of Diversity Array

Technolgy (DAIT™) in rice. Since no prior sequence information is needed for
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DArT, this technique provides a useful analysis tool for previously
uncharacterised genomes like Eucalyptus. Microarray-based genotyping as
implemented in DATT allows the parallel analysis of thousands of marker loci
by detection of selectively assayed genomic restriction fragments (Lezar et al.
2004).

The aim of this study was to determine levels of microarray-based
restriction polymorphism among commercial species of Eucalyptus and hybrids
of these species using DArT. The efficiency of microarray-based fingerprinting
is expected to be higher in interspecific hybrids compared to within species,
since interspecific hybrids should have increased levels of polymorphisms. A
384-marker DAIT genotype chip was constructed to investigate this expectation

for six Eucalyptus species and five hybrid combinations.

MATERIALS AND METHODS

Plant materials

Commercially-grown Eucalypfus species and hybrids were selected for this
study (Figure 1). Fucalyptus grandis, E. camaldulensis, E. globulus, E. nitens,
E. tereticornis and E. smithil species were grown from seed certified as true to
type and has been collected from natural stands in Australia. The origin of each
of the CSIRO seed sources can be obtained on the web at
http://www . ffp.csiro.av/tigr/atscmain. Representative hybrids were E. grandis x
E. globulus maintained by Forestral Oriental S.A. (FOSA, Uruguay), £. grandis

x camaldulensis, E. grandis x tereticornis and E. grandis x E. nitens hybrids
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obtained from Mondi Business Paper South Africa (Pietermaritzburg, South
Africa), as well as £. grandis x E. smithii hybrids from SAPPI (South Africa).
Genomic DNA was extracted individually from young leaves of two separate

plants of each Eucalyptus species and hybrids using the method described by

Murray and Thompson (1980).

Microarray analysis

A 384—probe microarray was constructed by arraying bulk of genomic DNA
from e ight individuals of an interspecific F, hybrid backcross progeny set of
Eucalyptus grandis and E. globulus (Myburg et al. 2003) on glass slides. DNA
fragments were prepared by restriction digestion, ligation and pre-amplification
as described in the oniginal AFLP protocol of Vos et al. (1995). The PCR pre-
amplification reactions were performed in 30 pl containing 0.3 uM EcoRI (E +
A) and Msel (M + C) adapter primers (Vos et al. 1995), 0.2 mM of each dNTP,
0.6 U Taq polymerase, and 1 x reaction buffer (Roche Diagnostics GmbH). The
PCR amplification consisted of 30 cycles of 94°C for 30 sec, 54°C for 30 sec,
and 72°C for 1 min with a 1 sec per cycle increase; an initial step of 72°C for 30
sec, and a final extension step of 72°C for 2 min. Cloning, PCR amplification,
array printing and processing of pre-amplified fragments was performed as
described in Lezar et al. (2004). Eight replicates per {ragment were arrayed on
each slide.

DNA fingerprints were obtained by assaying the presence or absence of
restriction fragments in pairs of trees on the 384-element DArT chip in 2-dye

experiments (Cy3 or Cy5). Probe DNA preparation, labelling, hybridisation and
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scanning were carried out as described by Lezar et al. (2004). One biological
replicate was performed for each hybridisation, each replication consisting of a
reverse labeling expeniment from the same pair of trees. Signal intensity
quantification was done with Array Vision 6.0 software (Imaging Research Inc.,
Molecular Dynamics, USA). A background-corrected spot intensity was
obtained by subtracting the median local background of each spot from the
median pixel intensity inside the spot. Background-corrected spots with signal
intensities that varied more than 10% from the mean of the eight spot replicates
on each slide were excluded from further analyses. The remaining intensity
values were normalized across slides by global regression on the spot intensity
data for the E. smithii tree, which was used as a reference for normalization of
all spot intensity data. Spots with intensities that deviated more than 10% from
the median spot intensity of a repeated slide were also excluded from further
analyses.

Nommnalized signal intensities were used to 1dentify polymorphic
fragments based on the bimodal distribution of their intensity values across
individuals. Relative intensity values and frequency distributions were obtained
as described by Lezar et al. (2004). Each polymorphic DArT marker identified
was then scored for the presence (1) or absence (0} of the fragment in the
genome 1 epresentations o f the Eucalyptus species and hybrids. B inary scores
(presence: absence) were then used to determine the average distances among
Eucalyptus species and hybrids with PAUP (Swofford 1998). The index of
genetic similarity of Nei and Li (1979) was used to calculate pairwise genetic
distances for all trees. Unweighted pair-group mean arithmetic analysis

(UPGMA, Sheath and Sokal, 1973) was used for cluster analysis of the pairwise
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distance matrix, which generated a dendrogram representing the genetic

distances among the Eucalyptus species and hybrids.

RESULTS

Data quality

A 384-eclement chip was constructed from selectively amplified restriction
fragments of an interspecific F, hybrid backcross progeny set of Eucalyptus
grandis and E. globulus for the genome-wide fingerprinting of commercial
species and hybrids of these species. Approximately 370 background-corrected
spots (96.4%) had signal intensities that varied less than 10% from the mean of
the eight spot replicates and were used for subsequent data analysis. Spots
excluded from analysis (3.6%) showed inaccuracies in signal intensities. This
can be ascribed to variability i the experimental process introducing
inaccuracies in labelling, array hybridisation, signal detection and
quantification. This approach allowed us to obtain repeatable scores, increasing

the reliability of the data.

Proportion of polymorphic fragments useful for fingerprinting

The DArT fingerprinting chip was used to assay the presence or absence of
microarray markers in the Eucalyptus species and hybrids. While many of the
array features were common to all individuals (42%), or showed no

hybridisation signal (19%), many were found to be polymorphic (39%) among
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the species and hybrids represented in the study. Of the 384 polymorphic
fragments, 142 (37%) were found to be polymorphic among hybrids. The
hybrid combination E. grandis x E. smithii shared 56% of markers with the
parental species, while E. grandis x E. tereticornis, E. grandis x E. nitens, E.
grandis x E. camaldulensis, E. grandis x E. globulus shared 54%, 55%, 49%
and 46% of the markers with the parental species, respectively.

In case of pure species, a total of 123 (32%) of DNA fragments were
found to be polymorphic and were used for subsequent data analysis. The pure
species E. smithii shared 48% with E. grandis, while E. globulus, E. nitens, E.
tereticornis shared 46%, 47% and 52% of the markers with £ grandis,
respectively. A unique microarray pattern was obtained for each Eucalyptus
tree. All of the hybridization profiles allowed unambiguous d iscrimination o f
the individuals. Small randomly selected subsets of polymorphic DNA
fragments determined that as few as six polymorphisms were sufficient to

discriminate among species and seven among hybrids.

Cluster analysis

A total of 142 polymorphic DArT fragments were used for cluster analysis. On
the basis of consistent binary data, we estimated the pair-wise distances by
means of PAUP (Table 1). Between-individual distances are based on the mean
character differences in the binary scores. As evident from the pair-wise
distances, high interspecific polymorphisms are charactenistic of the genus
Eucalyptus. The coefficient of similarity (average differences) between species
varied from 0.0347 to 0.3139. The hybrids have a similarity coefficient ranging

from 0.0709 to 0.3160.
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Cluster analysis of the pairwise distance matrix generated a dendrogram
representing the relationships of hybridisation profiles among the Eucalypius
species and hybrids (Figure 2). With cluster analysis it was possible to
distinguish among the six pure Eucalyptus species and the five hybrids included
in this study. Biological replicates were all identical and replicate fingerprints
all clustered as nearest neighbors (Figure 2). UPGMA analysis suggests that
cach section formed its own distinct cluster, with Eucalyptus grandis (section
Latoangulate) being further separated. (Figure 2). The clustering of E. grandis
with the hybrids can most likely be ascribed to the genetic composition of the
hybrids used in this study. Most fragments were found to be common to the
Fucalyptus grandis genotype since all hybrids were crosses between E. grandis

and another pure species.

DISCUSSION

Microarray-based genotyping of Eucalypfus species and hybrds will provide
the opportunity for high-throughput, genome-wide fingerprinting of these
important tree species. In this study, the main goal was to assess the
applicability of this approach for molecular diagnostics and fingerprinting
studies in commercially grown Eucalyptus species and hybrids. For this
purpose, we used a small prototype genotyping array for Eucalyptus trees
employing Diversity Array Technology. DAIT detects DNA polymorphism by

comparing the composition of genomic restriction products of different
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genotypes through hybridisation to previously arrayed restriction fragments
(Jaccoud et al. 2001). Our results suggest that DArT is an efficient DNA marker

technology for genome-wide fingerprinting of Eucalyptus species and hybrids.

The advantages of DAIT and the recent progress that has been made towards
the application of microarray genotyping technology (Jaccoud et al. 2001,
Borevitz et al. 2003, Lezar et al. 2004, Wenz! et al. 2004) have provided
opportunities for the fingerprinting of Eucalyptus trees. However, the high cost
of array-based genotyping remains a problem. This includes the cost of arrays,
supplies and equipment. In some cases, the need for replicate experiments may
also increase costs. In time, DArT should benefit from the deveiopment of
improved computational and statistical approaches, as well as new array slides,
formats and designs that allow cheaper assays. However, even at current costs,
individual DArT assays are very competitive relative to other high-throughput

technologies such as AFLP analysis.

The power of microarray-based DNA fingerprinting lies in its ability to
compare different genomes at a large number of locti, in a single assay. In this
context, direct comparison of hybridisation fingerprints may allow the accurate
identification of individuals. We were able to generate highly repeatable
hybridisation data. Hybridisation profiles were 95% identical to those obtained
in replicate, but reverse labelling reactions, and the replicate fingerprints all
clustered as nearest neighbours. Binary scores of the hybndisation profiles

revealed that 32% of DArT markers were polymorphic among pure Eucalypfus
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species, while the rate of polymorphism among hybrids (i.e. 3-way and 4-way

genome comparisons) was 37%.

Previously, we used a pure-species DArT array to fingerprint Eucalyptus
grandis genotypes (Lezar et al. 2004). Only 55 (15%) of 384 DAIT loci were
polymorphic and sufficiently robust for subsequent data analysis. In this study,
142 (37%) polymorphic loci were 1dentified and were useful for data analysis.
This probably reflects the higher amount of polymorphism in interspecific
genome comparisons and the robustness afforded by a great proportion of
strong presence/absence hybridisation signals. The prototype array constructed
with DNA fragments of a F; hybrid backcross progeny set of Eucalyptus
grandis and Fucalyptus globulus therefore proved to be an efficient genotyping

platform.

In the longer term we are interested in developing molecular diagnostic
procedures for identifying commercially grown Eucalyptus genotypes in South
Africa. However, for developing such diagnostic methods, larger population
studies of the Eucalyptus species are a prerequisite. Species-specific DArT
fragments have to be identified from a sufficient number of individuals from a
species and confirmed to be absent from other species. Since interspecific
hybridisation of different species has become an important strategy for the
improvement of E ucalyptus, microarrays should be useful diagnostic tools to
confirm genotypes before crossing species and afterwards to confirm parentage.

Although species-specific fragments still have to be identified to determine the
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species c omposition of h ybrids, this technology can already be used to track

genomic regions inherited from parents in outcrossed pedigrees.

The results of this study illustrate the p otential of D ArT for identification of
Eucalyptus trees in breeding programmes, particularly for application in less-
studied plant genomes. DArT allowed us to easily differentiate pure species and
hybrid individuals, which could be expected, as we had already demonstrated
that a full-sib progeny could be distinguished (Lezar et al. 2004). Unique
microarray fingerprints were identified for all genotypes.

Whole-genome profiling using DATT opens significant opportunities for
tree breeding programmes and for future genome analysis of Eucalyptus. The
Eucalyptus genome (F. camaldulensis) is currently being sequenced to 4X
coverage at K AZUSA DNA Research Institute in Japan. A D ArT array with
3000 — 4000 polymorphic features would be useful to construct very detailed
genetic maps using E. camaldulensis as a parent in interspecific crosses. These
maps could all be linked to the genome sequence by sequencing the
polymorphic DAIT fragments. This approach could also be used to anchor a

physical map of the Eucalyptus genome to the genome sequence.
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Table 1. Average differences among six Fucalyptus species and five hybrids studied

Average differences®

LEl

Eucalyptus
L E. smithi E. smithii x E, globulus E. globulus x E. grandis E. grandis x E tereticomis E. grandis x E. camaldulensis E. prandis x E. nitens
Individual
£, grandis E. grandis E. lereticomis E. camaldulensis E. nitens
E smithii -
E smithit x
0.07640316 -
E. grandis
E globulus 003524108 0 G9695972 -
E. globulus x
0.2983B815 0.3103627 026757753 -
E. grandis
E. grandis 0.2698802%6 0.69484581 0.31392452 £.40153032 -
E. grandis x
G.15636763 0 14809948 012190829 023796162 0.14496805 -
E terticornis
E. tereticomis 0.06311531 012731433 00773048 023580263 025481093 D 12736213 -
E grandis x
0.13080375 0.09323128 0.16472895 D.270735%9 0.11667355 0.166433387 0.10851608 -
E. camaldulensis
E. camaldulensis {0.06108693 0 11066774 0.09463277 0 23434879 0.2183733 015757513 0.03785607 0.08884408 -
E. grandis x
01071877 0.07089831 0.16239429 0.26757753 0.08575626 0,12915635 0.13608161 0.10136319 0.128239% -
E. nitens
E. mitens 005426094 0.09930894 0.03470733 0.24555765 0.20522882 0.1444647 0.08654109 014105862 009856221 0.06665345 -

a)Average differences were determined with PAUP (Swofford 1998), using the binary score for each of the individuals studied. Binary scores were obtained

with ArrayVision and Microsoft Excel.



Figure 1. Schematic representation of commercially-grown Eucalyptus species and

hybrids used in this study.
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Figure 2. Dendrogram generated by UPGMA cluster analysis of pair-wise
distance data for six Eucalyptus species and five hybrids. Eleven of the

hybridizations were performed in replicate (indicated as REP).
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